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ABSTRACT

An abstract of the dissertation of Laurie Jeanne Dizney for the Doctor of
Philosophy in Biology presented June 13, 2008.

Title: Zoonotic Disease Emergence: A Study of Host-Pathogen-Ecosystem
Dynamics

A growing body of work demonstrates that loss of biodiversity
negatively impacts ecosystem functions. One function, or service, that
biodiverse ecosystems provide is suppression of zoonotic diseases, which are
defined as diseases carried by wildlife hosts that can spill over into human
populations. Ebola, SARS, West Nile virus, Hantavirus, Avian Influenza and
Lyme disease are just a few of the recently emerging zoonotic diseases.
Disease suppression has been shown for Lyme disease by the dilution effect,
whereby increasing species diversity decreases disease prevalence in the
host populations. But does a dilution effect apply to other disease systems? To
test this hypothesis in a Hantavirus framework, web-sampling grids were
placed in five natural areas in and around Portland, Oregon, using 352 livetraps of four different trap types. Each trapping event lasted four nights and
each park was trapped nineteen times over the course of three years.
Biodiversity was calculated with a Simpson's Index. Deer mouse densities and

15 vegetative characteristics were also measured. Blood samples from
captured animals were tested for hantaviral antibodies using ELISA. In all,
5061 specimens from 21 species were captured, of which 3175 were
Peromyscus maniculatus, the natural host of Sin Nombre Virus (SNV), the
Hantavirus of primary human health concern in North America. The use of four
trap types allowed examination of which trap, or combination of traps, yielded
the best overall estimate of biodiversity, and also to test the efficacy of a rain
shield used in an attempt to decrease capture mortality. SNV-positive P.
maniculatus were found in all parks and allowed examination of host-viral
dynamics. Additionally, this research revealed that increased levels of
mammal species diversity decreased the amount of SNV in the host
population. No other ecological variable considered in this study, alone or in
combination, predicted the amount of Hantavirus in an ecosystem. By
suppressing zoonotic disease, biodiversity provides a service that directly and
positively affects human health and wellbeing. In turn, these results could be a
useful tool in helping to strengthen conservation efforts. The possible
mechanisms behind the relationship between biodiversity and zoonotic
diseases will also be discussed.
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ZOONOTIC DISEASE EMERGENCE: A STUDY OF HOST-PATHOGENECOSYSTEM DYNAMICS
Introduction

Newly emerging and reemerging diseases are occurring at an alarming
rate; in fact, disease emergence has nearly quadrupled in the last 50 years
(Jones et al., 2008). Seventy-three percent of these diseases are zoonotic,
meaning they are naturally hosted by wildlife but occasionally affect human
populations (Kruse et al., 2004). The environmental causes of disease
emergence are complex, global, and poorly understood. Often, due to limited
time and resources, outbreak investigations of these novel diseases seek only
to discover the pathogen responsible for the etiology, or disease symptoms, in
humans. While this is vital information for treating the human disease,
ecological studies are also essential because disease emergence is usually
due to changes in the ecology of the host and/or pathogen (Schrag and
Wiener, 1995). However, the human population tends to frame human and
animal diseases in an "us versus them" framework, with little or no intersection
between the two (Rabinowitz et al., 2008). But a zoonotic disease cannot be
understood without knowledge of the host species, and without that
knowledge, emergence is destined to continue.
The appearance of so many emerging diseases around the world in the
last half a century suggests there is a global cause of emergence.
Anthropogenic factors, such as pollution, land-use conversions and global
1

warming are just a few of the factors that could, and most likely do, add to
disease emergence (Sutherst, 2004). But what are the direct effects of these
factors on disease emergence? One direct result of anthropogenic change is
loss of species diversity. Unprecedented losses in species are currently
underway (Hughes et al., 1997; Pimm and Raven, 2000). The research into
the loss of species diversity is more than just academic, as it has real and
generally negative impacts on ecosystem functioning (Cardinale et al. 2006;
Hector and Bagchi, 2007; Loreau et al. 2001; Tilman et al. 2006). It also may
not be coincidental that many of the areas where zoonoses are emerging are
areas where species diversity loss is occurring at an accelerated pace: Central
Africa (Ebola, Monkeypox and Marburg Virus), West Africa (Lassa Virus),
Southeast Asia (Nipah Virus, SARS and Avian Influenza) and South America
(dozens of strains of Hantavirus). Research suggests at least some diseases
are affected by the loss of species diversity (Ostfeld and Keesing, 20006; Holt
et al. 2003; Ruedas et al., 2004; Suzan, 2005; Telfer et al. 2005) and,
theoretically, many more should be (Keesing et al., 2006). With expanding
human populations, not only will species diversity loss continue at an
unprecedented pace (Hughes et al., 1997; Pimm and Raven, 2000), humans
will come into more frequent contact with wildlife, thus increasing potential
zoonotic disease transmission. To predict or prevent disease emergence,
studies are needed which investigate the ecology, population biology and
pathology of host-pathogen systems (Daszak et al., 2000).
2

The research described herein attempts to describe the dynamics of the
Peromyscus man/cu/afcvs-Hantavirus host-pathogen system. P. maniculatus
(deer mouse) hosts Sin Nombre virus (SNV), the Hantavirus responsible for
most of the morbidity and mortality in the United States (Childs et al., 1994).
SNV is transmitted from rodent host to rodent host through biting during
aggressive encounters (Mills et al., 1999), and from deer mouse to human
through aerosolized infected excreta (Tsai, 1987). While progress has been
made into the study of SNV since its' discovery 15 years ago, many aspects of
the host's and pathogen's ecology, as well as the impacts and complex
interactions of environmental and ecosystem factors, remain elusive (Yates et
al. 2002). A three-year study was undertaken at five parks in Portland, OR
using a web-sampling grid consisting of four trap types and a total of 352
traps. Each trapping event lasted four nights and each park was trapped 19
times over the course of the study for a total of 133,760 trap nights. Blood
samples were collected and tested by an enzyme-linked immunoassy (ELISA)
for antibodies to SNV. A total of 5061 mammal specimens were sampled, of
which 3192 were P. maniculatus.
Chapter 1 analyzed trap efficacy of three of the trap types used, how
the use of different traps would affect diversity measures, and the effect of a
rain shield used in conjunction with the traps as an attempt to reduce trap
associated mortality. Chapter 2 investigated the natural history of P.
maniculatus within a host-zoonotic disease framework in a climatic zone that
3

has heretofore been unstudied. Chapter 3 investigated infection prevalence of
deer mice in relation to ecological factors, including host density, small
mammal species diversity, and 15 vegetative factors. Vegetative factors were
also analyzed to find a possible floristic surrogate to estimate mammal species
diversity. Together, the research herein should help our understanding of what
trap type(s) best evaluate the mammalian species diversity of an ecosystem,
the effects of ecological variables, especially species diversity, on disease
prevalence in general, and increase our knowledge of P. maniculatus-SNV
dynamics specifically. Most importantly, the results of this study will add new
information toward the prediction of host, pathogen and ecological factors that
drive zoonotic disease emergence.

4

CHAPTER 1

LIVE-TRAP EFFICACY AND RAINY SEASON TRAP MORTALITY IN THE
PACIFIC NORTHWEST

ABSTRACT

Mammal capture rates of 3 different trap types were compared at 5
sites in and around Portland, Oregon: Sherman traps, custom-made steelmesh traps, and pitfalls. Simpson and Shannon diversity indices were then
calculated for various combinations of trap types and compared for
differences. Sherman and mesh traps also were evaluated for mortality rates
before and after the use of a rain-shield during the rainy winter months. Of the
5 species of small mammals caught in all 3 trap types, pitfalls were the most
effective trap, followed by Sherman traps, with mesh traps a very distant third.
When statistically comparing larger species that were not contained by a
pitfall, Sherman traps significantly outperformed mesh traps overall. Different
combinations of trap types yielded statistically significant differences in
Simpson and Shannon diversity indices, with pitfalls having the highest
measures for small mammals, and a combination of Sherman traps and pitfalls
having the highest measures when considering both larger and smaller
mammals. Use of rain shields with Sherman and mesh traps did not affect
mortality rates. However, mortality was affected by trap type, with statistically
significantly higher death rates in mesh than Sherman traps.
5

Keywords: capture rate, live trap, mesh traps, pitfall traps, rain shield,
Sherman traps, small mammals, trap mortality, trap success

INTRODUCTION

A critical, but often overlooked, aspect of sampling small mammals
within a community is the choice of trap to be used. Most population studies
implicitly assume that there exists equal catchability among individuals being
sampled. This assumption has, however, been shown to be invalid at least
some of the time (Young and others 1952; Weiner and Smith 1972; Slade and
others 1993; Anthony and others 2005; Belant 2007). Failure to address these
differences in trapability may result in significant biases in estimates (Manly
1970; Carothers 1973; Burnham and Overton 1978). Many seemingly
innocuous variables can affect trapping success, including: trap type,
configuration of the trapping array, bait preference (Smith and others 1975;
McComb and others 1991), local weather (Doucet and Bider 1974), and
season and phase of the moon (Mengak and Guynn 1987). In addition, trap
efficacy for a given species may differ in different localities (Williams and
Braun 1983). No single trap type will capture individual members of a local
ecological community of all species, sexes, and age classes with equal
probability (Smith and others 1975). Therefore, most authors agree that a
combination of trap types should be used to gain as broad a representation of

6

the local small mammal fauna as possible (Getz 1961; Smith and others 1971;
Weiner and Smith 1972; Szaro and others 1988).
To date, no study known to us has compared these 3 trap types for
sampling small mammals at the same time and location. Furthermore, small
mammals are often at risk for hypothermia, which can eventually lead to the
death of many captives in live traps, in turn biasing the results of markrelease-recapture studies (Rosenberg and Anthony 1993). To examine trap
related biases in sampling mammals in the Pacific Northwest, the present
study combined the use of 3 types of live traps: folding Sherman, custom
mesh, and pitfall. The goals of this study were to determine if there are
differences in capture rates and diversity analysis among small mammal
species using various combinations of 3 kinds of live traps, and if the use of a
rain shield during the rainy season increases the survival rate of individuals
caught in the Sherman and mesh traps.

METHODS

Study Sites
Five sites were sampled in and around the Portland, Oregon, USA,
metropolitan area: Forest Park (45.5916°N, 122.7983°W), Multnomah Co.,
Tryon Creek State Park (45.4337°N, 122.6690°W), Multnomah Co., Powell
Butte Park (45.4837°N, 122.5059°W), Multnomah Co., Oxbow Regional Park
(45.4879°N, 122.2970°W), Multnomah Co., and Tualatin River National
7

Wildlife Refuge (TRNWR; 45.3957°N, 122.8305°W), Washington Co. These
sites were selected for their differing sizes, habitats and levels of human
disturbance, and potential differences in species diversity. Forest Park, at a
relatively flat 184 m above sea level (masl), consisted of a mix of Douglas-fir
(Pseudotsuga menziesif), Western Hemlock (Tsuga heterophylla), Western
Redcedar (Thuja plicata), Big leaf Maple {Acer macrophyllum), and Red Alder
(Alnus rubra). Sword Fern (Polystichum munitum), Vine Maple (Acer
cirinatum) and Oregon Grape (Berberis aquifolium) dominated the understory,
with a moderate level of English Ivy (Hedera helix). Several hiking and/or
biking trails crossed the trapping web, making Forest Park the only study site
to have daily human and domestic dog intrusions. Tryon Creek State Park,
105 masl, had essentially the same species composition as Forest Park, but
with a much greater invasion of English Ivy, as well as Stinging Nettle (Urtica
dioica), in the understory. The center of the trapping array was atop a small
plateau, so that at least part of each trap line sloped downwards, half of them
quite steeply. Two small creeks surrounded the trapping site. Powell Butte
Park was the most anthropogenically altered of the sites. It had a relatively
open canopy made up of Douglas-fir, Big leaf Maple, and Red Alder. The site
was dominated by Stinging Nettle, such that for about half of the year the
understory was dense, and the other 6 months it was quite open. Of all the
parks, Powell Butte had the least amount of bryophytes, coarse woody debris
(CWD: snags, stumps, and downed logs), large shrubs and tree cover. The
8

Tualatin River National Wildlife Refuge (TRNWR; 33 masl), on the banks of
the Tualatin River, was virtually level and dominated by Hawthorn (Crataegus
monogyna) and Himalayan Blackberry (Rubus discolor). The area is
interspersed with wetlands, so that during winter and spring of wet years, parts
of the trapping web were covered in water. The trapping site at Oxbow
Regional Park on the Sandy River (36 masl) was within a remnant patch of old
growth forest. Large Douglas-fir, Western Hemlock, and Western Redcedar
dominated the area and provided about 90% canopy cover. Bryophytes,
mosses, and large amounts of CWD covered the ground and there was a
healthy secondary story including Vine Maple, Salmonberry (Rubus
spectabilus), Hazelnut (Corylus cornuta), and Thimbleberry (Rubus
parviflorus).
Sampling
For these analyses, specimens were sampled from October 2002
through May 2004. Trapping was performed using a 200-m diameter trapping
web (Wilson and Anderson 1985; Parmenter and others 1998; Parmenter and
others 2003). The web design included 144 trap stations on 12 spokes with 12
trap stations on each 100-m spoke, 1 trap station in the center of the web, and
30° separation between spokes. The first 4 stations of each line were spaced
5 meters apart while the remaining 8 were set at 10-meter intervals. The
center of the web was also considered a trap station and included 2 Sherman
and 2 mesh traps at 90° angles to each other. Each of the stations included
9

both an aluminum folding Sherman live-trap (7.6cm x 8.9cm x 22.9cm) and a
custom-built mesh live-trap (7.6cm x 8.9cm x 22.9cm) modeled after those of
O'Farrell and others (1994). The mesh live traps were constructed of
galvanized steel mesh with a galvanized teeter-totter treadle and gravity drop
down door. Due to park regulations, concern for the habitat, and dictates of the
web design, pitfalls were positioned only at stations 4, 7, and 12 of each line.
Pitfalls were made using a 19-1 bucket (0.30m diameter, 0.36m height) buried
flush to the rim, with a fitted bucket lid (for rain and predator cover) suspended
above, leaving an approximately 8 cm gap for access by small animals
(Williams and Braun 1983).
Sherman and mesh traps were baited with a mixture of peanut butter
and rolled oats. Pitfall traps were not baited. Polyfiber nesting material was
added to Sherman and mesh traps when warranted by the weather. Traps
were set out for 4 consecutive nights at a site, with collection occurring at
dawn the following day. After collection on the last morning, all Sherman and
mesh traps were removed. To avoid extraneous captures, pitfalls were closed
with the lid while not in use. Each park was trapped 10 times over the course
of this study, approximately every 8 weeks. Total effort was 65,600 trap nights
(29,200 each for Sherman and mesh traps and 7,200 for pitfalls).
This research was conducted under the auspices of federal and state
permits, and complied with the American Society of Mammalogists' guidelines
for animal care and use (Gannon and others 2007). Captured animals were
10

transferred from traps into clear, sealable plastic bags for transport to the
center of the web for processing. Standard precautionary methods were
implemented (Mills and others 1995). Each animal was identified to species
and evaluated for gender, reproductive status, mass, relative age, and any
other notable characteristics. Euthanasia was performed, when applicable,
using a chloroform chamber (Mills and others 1995). Specimens that were not
euthanized were ear tagged and released at the point of capture (Parmenter
and others 1998).
For the rainy season from October 2003 through May 2004, mesh and
Sherman traps were placed within a clear 1mil (2.54 x 10~5 m) plastic bag with
only the trap opening exposed, in an effort to reduce trap mortality due to rain
and cold. During the previous rainy season (October 2002 to May 2003), no
such protective measures were taken. To compare mortality before and after
placement of the rain shield, only 5 species caught in Sherman traps and 2
species caught in mesh traps had minimally enough captures in all 4
categories (alive, dead, with rain shield, without rainshield) for analysis.
Data Analysis
To account for unequal trap effort due to fewer pitfalls than Sherman
and mesh traps per trapping web, trap efficacy was calculated by dividing
captures per trap type for each species by the total trap nights per trap type,
and then multiplying by 1,000. For instance, the trap efficacy for 1,743 Deer
Mice (Peromyscus maniculatus) captured in Sherman traps would be 1743 -^
11

29,200 x 1,000. Trap efficacies were also calculated for total captures (all
species combined). Statistical comparisons were made using a Chi-square
goodness-of-fit test for binomial distribution with acceptance of the null
hypothesis (equal trapability) at 0.05 for each species alone, and 0.01
(Bonferroni correction) when species were totaled (Miller 1991). If equal
trapability applied, then the total number of observed captures of each species
should have been equally divided between the 3 trap types according to trap
effort. In other words, Sherman and mesh traps would have captured an equal
number of small mammals and pitfalls would have captured approximately
25% of that number. Three separate Chi-square analyses were undertaken
with the trap efficacy data. The first compared the trapability of all 3 types of
trap for the 5 species small enough or immobile enough to be contained by the
pitfalls (Table 1.1; first 5 species). But the mesh traps performed so poorly and
were largely responsible for the huge Chi-square values, so the second
analysis compared the trapability between just Sherman traps and pitfalls for
the same 5 species. The third Chi-square analysis compared the 4 species
that were too large to be contained in pitfalls in an analysis of trapability
between Sherman and mesh traps only (bottom 4 species of Table 1.1). Three
species, Sorex bendirii (Marsh shrew), Scapanus townsendii (Townsend's
mole), and Zapus trinotatus (Pacific jumping mouse) were omitted from all Chisquare analyses due to their low numbers and because they were caught in
pitfalls only. They were, however, included in the diversity analyses (see
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below). When comparing just 2 traps types, Yate's Correction for Continuity
was applied to the Chi-square analysis (Zar 1999).
Simpson and Shannon diversity indices were calculated for various trap
combinations using software from Brower and others (1998), and then
compared with a f-statistic (Brower and others 1998) with significance set at
0.05 to assess differences in diversity measurements resulting from trap type.
While both Shannon's Index (H') and Simpson's Index (Ds) consider species
richness and evenness, D s is a measure of the inverse of dominance of a
community, and H' is a measure of uncertainty (Brower and others 1998),
providing somewhat different diversity measures of a community.
Three separate mortality analyses were also performed using Chisquare contingency tables with Yate's Correction for Continuity, or Fishers
Exact Test for Count Data when 1 or more expected frequencies were less
than 5 (Crawley 2002). The first analysis compared species singly and in total
to assess whether there was a statistically significant change in mortality from
application of the rain shield. The second and third analyses compared
Sherman and mesh traps to each other, both with and without a rain shield, to
evaluate the differences in mortality that might occur due to trap type. All of the
above analyses, unless otherwise noted, were performed in R, a free
statistical software package available on the web (R Development Core Team
2006).
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RESULTS

Captures
A total of 2,710 individuals from 12 species was captured during the 20
months of this study (Table 1.1). Peromyscus maniculatus was the most
prevalent species captured (64.3% of total captures), followed by Sorex
trowbridgii (16.2%), Tamias townsendii (Townsend's Chipmunk; 8.0%), Sorex
vagrans (Vagrant shrew; 4.6%), Microtus oregoni (Creeping vole; 3.4%),
Glaucomys sabrinus (Northern flying squirrel; 1.3%), Neurotrichus gibbsii
(Pacific shrew-mole; 1.1%), Tamiasciurus douglasii (Douglas's squirrel; 0.3%),
Mustela erminea (Short-tailed weasel; 0.2%), Scapanus townsendii (0.2%),
Sorex bendirii ( 0.2%) and Zapus trinotatus (0.07%).
Trap efficacy
At first glance, Sherman live traps appear to have far out-performed
mesh and pitfalls (Table 1.1). However, when weighted for trap effort, pitfalls
captured more individuals overall, as well as more individuals in 4 of the 5
species (Fig. 1.1). After mesh traps were omitted from the statistical analysis
due to exceedingly poor capture rate (Table 1.2: top section), pitfalls
significantly outperformed Sherman traps overall as well as within 4 of the 5
species considered: only P. maniculatus were caught significantly more by
Sherman traps than by pitfalls among the species that were containable by
pitfalls.
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When statistically comparing trap efficacy between Sherman and mesh
traps for the 4 larger species (Table 1.2; bottom section), mesh traps caught
fewer individuals overall, as well as significantly fewer T. townsendii and G.
sabrinus, Mesh traps also captured fewer 7". douglasii and M. erminea than
Sherman traps, though the differences were not significant, most likely due to
the small sample sizes.
Different combinations of trap types result in different species
accumulations and different numbers of individuals captured, which in turn
effects diversity measures (Table 1.3). Mesh traps performed so poorly that a
combination of Sherman and pitfall traps versus a combination of Sherman,
pitfall and mesh traps resulted in no statistically significant difference in either
Simpson or Shannon diversity. Therefore, mesh traps were omitted from the
diversity analyses. When considering all sizes of species captured (Table 1.3:
top section), use of Sherman traps and pitfalls together resulted in 3 more
species captured, as well as highly statistically significant differences in both
diversity indices than when Sherman traps were used alone. Since there is a
limit to the size of a mammal that can be contained by a pitfall, perhaps a
more meaningful comparison is one that considers just those species that are
at least theoretically trappable by a pitfall. For this study, those species are P.
maniculatus, S. trowbrigii, S. vagrans, M. oregoni, N. gibbsii, S. townsendii, S.
bendirii and Z. trinotatus. Captures from pitfalls alone resulted in the highest
levels of diversity followed by Sherman and pitfalls combined and lastly
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Sherman traps alone. All pairwise comparisons of either index revealed highly
statistically significant differences in diversity measures obtained by different
traps or trap combinations, with pitfalls alone resulting in higher values than
either Sherman traps alone or Sherman traps and pitfalls combined and
Sherman traps and pitfalls combined having higher diversities than Sherman
traps alone
Trap mortality
Overall, the effects of the rain shield upon mortality were not statistically
significant regardless of species or trap type (Table 4; top section). The only
species that seemed to be helped by the shield was M. oregoni in Sherman
traps and P. maniculatus in mesh traps, albeit not significantly. The mortality of
2 species, S. vagrans in Sherman traps and T. townsendii in mesh traps
increased with placement of the rain shield, though the results are not
statistically significant.
In comparing mortality between Sherman and mesh traps statistically,
trap type appears to be a factor in mortality (Table 1.4; bottom section). When
no rain shield was in use, mortality was significantly less in Sherman traps
both overall and for P. maniculatus, the only species for which there were
enough captures to analyze separately. When a rain shield was applied,
mortality was also lower in P. maniculatus and overall in Sherman traps than
in mesh, though not significantly.
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DISCUSSION

Statistically significant differences in the success rate of the 3 different
trap types used in capturing small mammals were found in this study. While
some investigations have shown live-traps constructed from open mesh to be
superior to enclosed Sherman live traps (Holdenried 1954, O'Farrell and
others 1994), and Sherman live traps more successful than pitfall traps
(Dowler and others 1985), others have found pitfalls superior to other live traps
(Boonstra and Krebs 1978; Beacham and Krebs 1980; Williams and Braun
1983). The analyses herein suggest that, overall, pitfall traps were superior to
both Sherman and mesh live-traps across the 5 species of small mammals
that were caught in all 3 trap types. In addition, pitfalls caught 4 of the 5
species (S. trowbridgii, S. vagrans, M. oregonii, and N. gibbsif) significantly
more often based on trap effort than Sherman traps did. Although the fifth
species, P. maniculatus, was caught more often in Sherman traps than mesh
or pitfalls, pitfalls still had a high trap efficacy (33.6) for this species.
For larger species that are not contained by a pitfall, Sherman traps
significantly outperformed mesh traps overall, and for capture of 2 of the
species (T. townsendii and G. sabrinus) when analyzed separately. There was
no difference in the other 2 species (T. douglasii and M. erminea), although
their low capture numbers in mesh traps prevents meaningful comparisons.
A number of factors may have had an influence upon our results. The
custom-made mesh traps may have been inferior to Sherman traps due to
17

problems in construction and stability (Holdenried 1954, O'Farrell 1994).
Because of the flexible nature of wire cloth, the mesh traps were easily
deformed during transport, leading to doors aligning improperly and thereby
not fully closing, allowing the escape of captured individuals. In addition, the
treadle arms holding the doors open were inconsistent in the amount of
pressure required to trigger the door to shut. Small species, such as shrews
and small mice, may not have been of sufficient mass to activate the treadle in
all of the mesh traps. Adding weight to these arguments are the fact that the
mesh traps performed better, though still less well than expected, on larger
species, such as T. townsendii, G. sabrinus, T. douglasii, and M. erminea.
Sherman traps also have the capability of being set up with incorrect trigger
pressures as well as the treadle sticking due to bait and/or excreta underneath
it, but this problem was at least partially overcome in our study by weekly
cleaning of the traps.
Because an animal unwittingly falls into a pitfall while moving about,
complications due to trap type preferences or fear of entering a trap are
removed with the use of pitfalls. Bait preferences have been shown to create
differing trap efficacies (Rickart and others 1991, O'Farrell and others 1994).
Pitfalls do not need to be baited to entice an animal to enter, alleviating this
problem as well. Indeed, our pitfalls performed exceptionally well in capturing
insectivores, which may not have been attracted to the bait in the Sherman
and mesh traps. By eliminating the potential biases introduced by trap and bait
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preferences, pitfalls may offer a more thorough survey of the small mammal
community. Additionally, single capture traps such as Sherman and mesh
traps, can confound population density and presence/absence studies, due to
the fact that once a trap is occupied, no other animal can use it. The same is
not true for pitfalls, where any number of small mammals can be captured.
The problem of predators removing prey from an open pitfall does, however,
remain. We tried to minimize the problem by covering the pitfall with a lid
suspended above, leaving an approximately 8 cm opening. This potentially hid
the prey species from some predators, and also alerted us to the fact that a
capture may have been taken if the lid was removed.
There were no instances in our study wherein a small species of
mammal was captured only in a Sherman or mesh trap and not in a pitfall,
although of note, 3 rare species (Scapanus townsendii [n=Q], Sorex bendirii
[n=6] and Zapus trinotatus[r\=2]) were caught only in pitfalls and no other trap
type. Not surprisingly, then, pitfalls alone had the highest levels of diversity.
This is not only due to the extra 3 species captured only in pitfalls, but also to
the differences in number of P. maniculatus captured. Sherman traps caught
so many more deer mice than pitfalls, resulting in a lower evenness factor,
which in turn lowered both Simpson and Shannon diversity indices for
Sherman traps. This is particularly evident when comparing small mammal
captures in pitfalls versus pitfalls and Sherman traps together. Intuitively, it
would seem Sherman traps and pitfalls together should capture a more
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diverse fauna than pitfalls alone, particularly since the same number of
species was captured in both combinations. Yet because of the huge number
of deer mice captured in Sherman traps, pitfalls ended up with a significantly
higher diversity indices due to the evenness component.
Pitfalls however, can only capture small mammals or those whose
mobility does not permit jumping. Our pitfalls caught primarily insectivores (5
species) and small rodents (3 species). Other studies have also found pitfalls
to be superior to Sherman traps (Umetsu and others 2006), especially for
capturing insectivores (McComb and others 1991). The only larger species we
caught in pitfalls was Scapanus townsendii, which can neither jump nor climb.
However, Sherman traps were required to capture larger, more mobile
species. O'Farrell and others (1994) found mesh traps outperformed Sherman
traps for 5 of 6 species in several different habitat types; however, those
authors did not sample forest habitats of the Pacific Northwest. The
differences in results between that study and our study actually support their
findings that there likely are strong differences in trapability among species
and habitats.
The species of interest should dictate the traps used in a study. For
small mammals, and particularly insectivores, pitfalls alone appear to offer the
best trapability, and can be purchased for a fraction of the cost of Sherman
traps (Home Depot 5 gallon Homer pail and lid/model RG5555 =$5.98). No
additional species were captured by the addition of Sherman traps, though
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additional individuals were caught. For chipmunks and larger mammals, larger
traps are obviously needed, and our data show Sherman traps to be superior
to mesh traps. If all small mammals are to be included in the study, then a
combination of pitfalls and Sherman traps captures more species, more
individuals, and results in significantly greater diversity indices than Sherman
traps alone. Pitfalls should therefore be considered a vital addition to field
studies in order to more completely survey small mammal communities.
The low number of captures for most species makes it difficult to draw
robust conclusions about trap mortality. Only 5 species had enough captures
to analyze the use of a rain shield in conjunction with Sherman traps, and,
arguably, only 2 species had enough captures for analysis using mesh traps.
Of these species, only Microtus oregoni captured in Sherman traps seemed to
benefit, though not significantly, from the use of a rain shield. The concept of a
rain-shield for protection of small mammal captured in live traps in excessively
wet climes appears intuitively to be a good one; however, our particular type of
shield had some problems. Although the plastic bags were inexpensive and
easy to use, rainwater occasionally pooled in the bottom of the rain shield.
This kept the floor of the trap wet and almost certainly added to the stress of
the captured animal. There also may have been an inadvertent increase in
moisture containment within the trap due to decreased air circulation. Indeed,
the rather large, though statistically insignificant, increase in mortality of S.
vagrans in Sherman traps and N. townsendii in mesh traps with the use of a
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rain shield seemed to be due to the added moisture. Further sampling of this
design needs attention, as well as possible modifications of the rain shield
itself to improve the survival rate within Sherman and mesh live traps. Some
studies have used polyvinylchloride tubing of appropriate length and diameter
to contain the traps or cardboard milk cartons; these weather shields appear to
have some success in preventing weather induced mortalities (J. L. Dunnum,
pers. comm.).
In comparing mortality between Sherman and mesh traps without the
use of rain shields, both P. maniculatus separately and all species combined
showed mesh traps having significantly higher mortality. This result is perhaps
not surprising, given the open nature of the metal mesh, which increases
exposure to precipitation. However, mortality was still greater in mesh than
Sherman traps, albeit not significantly, when comparing the traps when a rain
shield was added. While the addition of the rain shield perhaps helped, it did
not completely overcome the fundamental difference in mortality between
Sherman and mesh traps, likely due to the same reason listed above (water
pooling and decreased air circulation). Adding the mortality results to the
efficacy data suggests that Sherman traps not only catch more individuals of
small mammals, but also have lower mortality rates than mesh traps. Based
on the overall results of this study, we propose that the most efficient trap
coverage of, and the least harmful to, the small mammal community results
from the use of pitfalls in combination with Sherman traps.
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Table 1.1.—The number of individuals within each species captured in each
trap type. a Signifies the number of each trap type used per trapping array (trap
effort). Trap efficacies are shown within parentheses and are calculated as
such: number of individuals/trap effort X 1000. The top 5 species were used to
compare trap efficacy among the 3 trap types. The middle 3 species were only
considered for diversity measures. The bottom 4 species were used to
compare trap efficacy between Sherman® and mesh traps.
Total
Captures

Sherman®
29200a

Mesh
29200a

P. maniculatus

1743

1367(46.8)

134(4.6)

Pitfall
7200a
242 (33.6)

S. trowbridgii

440

160(5.5)

3(0.1)

277 (38.5)

S. vagrans

124

70 (2.4)

3(0.1)

51 (7.1)

M. oregoni

91

57 (2.0)

7 (0.2)

27 (3.8)

N. gibsii

30

19(0.7)

0 (0.0)

11 (1.5)

Sc. townsendii

6

0 (0.0.0)

0 (0.0)

6 (0.8)

S. bendirii

6

0 (0.0.0)

0 (0.0)

6 (0.8)

Z. trinotatus

2

0(0)

0 (0.0)

2 (0.3)

T. townsendii

218

174(6.0)

44 (1.5)

na

G. sabrinus

35

28(1.0)

7 (0.2)

na

T. douglasii

9

6 (0.2)

3(0.1)

na

M. erminea

6

4(0.1)

2(0.1)

na

2710

1885(64.6)

203 (7.0)

622 (86.4)

Totals
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Table 1.2.—Trap Efficacy using Chi-square Goodness-of-Fit analyses.
The top section compares 3 trap types among 5 species of small
mammals, the second section compares the trapability of the same 5
species in just Sherman® traps and pitfalls, and the bottom section
compares trapability between Sherman® and mesh traps for 4 species
too large to be contained by pitfalls.
Sherman
(29200)
Obs-Exp

Mesh
(29200)
Obs-Exp

Pitfall
(7200)
Obs-Exp

X2

P

P. maniculatus

591.4

-641.6

50.3

994.8

<0.001

S. trowbridgii

-35.8

-192.8

228.6

1276.1

<0.001

S. vagrans

14.8

-52.2

37.4

156.2

<0.001

M. oregoni

9.5

-33.5

17.0

63.3

<0.001

N. gibsii

5.4

-13.4

7.7

33.8

<0.001

592.5

-933.5

341.0

1566.9

<0.001

Sherman

Pitfall

Obs-Exp

Obs-Exp

X2

P

P. maniculatus

76.3

-76.3

22.5

<0.001

S. trowbridgii

190.6

190.6

521.3

<0.001

S. vagrans

-27.1

27.1

36.9

O.001

M. oregoni

-10.1

10.4

7.4

0.006

N. gibsii

-5.1

5.1

4.5

0.034

-156.8

156.8

67.5

<0.001

Sherman

Mesh

Obs-Exp

Obs-Exp

X2

P

65

-65

76.3

<0.001

G. sabrinus

10.5

-9.5

11.4

<0.001

T. douglasii

1.5

-1.5

0.44

0.510

M. erminea

1

-1

1.67

0.200

76.5

-79.5

89.6

O.001

Total

Total

T. townsendii

Total
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Table 1.3.—Diversity measures resulting from different combinations of trap types
and comparisons of the diversities obtained (t). Small species are those
contained by pitfalls: P. maniculatus, S. trowbrigii, S. vagrans, M. oregoni, N.
gibsii, Sc. townsendii, S. bendirii and Z. trinotatus. Ds is Simpson's Index of
Diversity and H' is Shannon's Index of Diversity.

Diversity: all

Inds/spp

Ds

H'

Sherman®+pitfall

2507/12

.5480

.5186

1885/9

.4559

.4476

t(H')

t(D s )
5.40

<0.001

4.47

O.001

Sherman®+pitfall
vs. Sherman®

8.24

<0.001

7.31

<0.001

Sherman®+pitfall
vs. pitfall

11.18

<0.001

7.39

<0.001

Sherman® vs.
pitfall

17.86

<0.001

12.50

<0.001

Sherman®

Diversity: small mammals
Sherman®+pitfall

2295/8

.4681

.4060

Sherman®

1673/5

.3204

.2989

Pitfall

622/8

.6422

.5421
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Table 1.4.—Mortality analysis using Pearson's Chi-square Goodness-of-Fif
test with Yate's Correction for Continuity to determine both the effectiveness of
a rain shield and the differences in mortality due to trap type. a Includes
captures from species whose totals were too small to analyze separately. b
Indicates an odds ratio from Fisher's Exact Test which was used instead of
Chi-square in cases where count data equaled less than 5.
Dead Captures (% total
captures)
SHERMAN®

X2

P

No shield

Shield

P. maniculatus

23 (6.8)

60 (7.3)

0.03

0.86

S. trowbridgii

9 (64.3)

35 (58.3)

0.01

0.91

T. townsendii

8(13.1)

5(13.5)

S. vagrans

4 (40.0)

20 (58.8)

M. oregoni

2 (40.0)

7(16.3)

Total3

46(10.6)

P. maniculatus

b

1.03

1

"2.10

0.47

b

0.30

0.23

131 (13.0)

1.32

0.25

15(27.3)

8(15.1)

2.45

0.12

T. townsendii

2(16.7)

2 (33.4)

Total3

19(27.1)

12(18.2)

Sherman®

Mesh

P. maniculatus

23 (6.8)

Total3

MESH

NO SHIELD

b

2.30

0.57

0.89

0.34

15(27.3)

20.21

<0.001

46(10.6)

19(27.1)

12.27

0.0004

60 (7.3)

8(15.1)

3.13

0.08

131 (13.2)

12(18.2)

1.05

0.31

SHIELD
P. maniculatus
Total3

26

Figure 1.1.—Trap efficacy for Sherman®, custom mesh and pitfall traps. The
bars show the contribution of each trap type, after adjustment for trap effort, to
the total number of captures within a given species and among all 5 species.
PM= Peromyscus maniculatus, ST= Sorex trowbridgii, SV= Sorex vagrans,
MO= Microtus oregonii, and NG= Neurotrichus gibsii.

• ShermanHMesh 1 Pitfall
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CHAPTER 2

NATURAL HISTORY OF SIN NOMBRE VIRUS INFECTION IN
PEROMYSCUS MANICULATUS IN URBAN PARKS IN OREGON

ABSTRACT

Sin Nombre virus (SNV), the most widespread of the approximately 30
hantaviruses described worldwide, is hosted by the deer mouse (Peromyscus
maniculatus), a ubiquitous species found throughout most of North America.
Viral dynamics cannot be separated from host dynamics, which likely differ
among climate zones. No study has to date been undertaken in Oregon or the
Pacific Northwest on P. maniculatus within the framework of a host-zoonotic
disease model. Herein I describe general life history characteristics of P.
maniculatus and how these factors relate to the incidence of SNV among
populations of this host species. P. maniculatus were trapped using a websampling grid (3175 individuals over three years) and tested for antibody to
SNV by an enzyme-linked immunosorbent assay. Capture rates varied
seasonally and annually, with peaks in the summer and fall. The year with the
highest capture rate also had more pregnancies and more surviving adults in
the winter months than the other two years. Infection prevalence with SNV
appeared to be caused by breeding behaviors, as more adults, males, and
scrotal males were infected than would be expected by chance alone.
Infection prevalence was negatively related to juvenile capture rate of two
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seasons previous. Wounding rates between infected and uninfected deer mice
were not different in any age class or in males, but infected females had a
higher frequency of wounding than uninfected females. Information regarding
virus and host relationships will help build models that can predict times of
high viral prevalence that will assist public health efforts, particularly insofar as
directly transmitted zoonoses are concerned.

INTRODUCTION

In recent years there has been a surge of newly emerging infectious
diseases (EIDs; Jones et al., 2008), such as Lyme disease, Ebola, West Nile
Virus, SARS, Monkeypox, Avian Influenza and Hantaviruses. Most EIDs are
zoonotic (Kruse et al., 2004), meaning that they are naturally found in wildlife
but may periodically spill over and affect human populations. As human
populations expand and encroach more frequently into wildlife habitat, more of
these spillovers are bound to occur. Often, due to limited time and resources,
as well as the exigencies of an emergency situation, outbreak investigations of
EIDs seek only to discover the pathogen responsible for the etiology, or
disease symptoms, in humans. While this is vital information for treating the
human disease, ecological studies are also essential in order to provide
answers to such critical questions as: what is the species that carries the
pathogen, i.e., the natural host; what environmental factors affect the presence
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and infection prevalence in the host; and—most importantly—can future
outbreaks be predicted or even prevented?
Hantaviruses provide a model system for the usefulness, and perhaps
the necessity, of undertaking long-term studies into host species ecology
(Yates et al., 2002). In 1993, an outbreak of a previously unknown viral
disease occurred in the Southwestern United States, which caused sudden
death by acute respiratory distress in its victims. Otherwise healthy adults died
from shock and complications associated with pulmonary leakage.
Surprisingly, the human symptoms were found to be caused by a Hantavirus
that was subsequently named Sin Nombre virus (SNV; family Bunyaviridae,
genus Hantavirus; Nichol et al., 1993). Up to that time, no Hantaviruses
pathogenic to humans were known to occur in the Western Hemisphere,
although their existence in the Eastern Hemisphere had been known for
decades (Schmaljohn and Hjelle, 1997). To date, almost every Hantavirus
discovered has been a rodent-borne virus (Nichol et al., 1993; Monroe et al.,
1999), and since 1993 dozens of different strains of Hantaviruses have been
discovered in the Americas. Each of these Hantavirus strains has a single
predominant host species, primarily rodents in the family Muridae (Monroe et
al., 1999). The phylogenetic relationship between the virus and its rodent host
generally shows remarkable concordance (Xiao et al., 1994; Sanchez et al.,
2001) suggesting a long history of co-evolution. Until recently, the sole
discovered non-rodent borne Hantavirus was Thottapalayam virus detected
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from an Indian specimen of the Asiatic house shrew (Carey et al., 1971).
However, in the last year, several genetically distinct Hantaviruses have been
discovered in the order Eulipotyphla (Arai et al., 2007; Klempa et al.,
2007;Song et al., 2007), though none seem to be pathogenic to humans.
These recent discoveries suggest Hantaviruses have been present since at
least as long as the "lnsectivore"-Rodent split, some 95 MYA (Springer et al.,
2003).
The human disease caused by SNV is now termed Hantavirus
Pulmonary Syndrome (HPS), for the suite of symptoms that primarily affect the
lungs. Initially, symptoms of HPS are very generalized and flu-like: fever,
myalgia, headache, chills, and nausea (Duchin et al., 1994), resulting from
exposure to SNV anywhere from 1 to 5 weeks previously (Young et al., 2000).
A cardiopulmonary phase follows 4 to 10 days after the initial symptoms first
appear that involves bilateral interstitial infiltrates caused by pulmonary edema
(Hallen et al., 1996). This phase progresses very quickly and usually requires
hospitalization and mechanical ventilation within 24 hours (Young et al., 1998).
Since the first outbreak in the Southwest in 1993, 506 cases of HPS have
been confirmed in the U.S., with most occurring in the West. Four other
Hantaviruses have contributed minimally to this number, but SNV has been
identified as the cause of most HPS cases in the United States and Canada
(Monroe et al., 1999; Fulhorst et al., 2007). While progress has been made in
the last 15 years into the study of SNV, many aspects of the hosts' ecology, as
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well as the impacts and complex interactions of environmental and ecosystem
factors with the hosts, remain elusive (Yates et al., 2002; Glass et al., 2007).
From a human health perspective, the approximately 38% mortality rate
(Schmaljohn and Hjelle, 1997), and the fact that there is no treatment or cure,
require a more complete understanding of host population dynamics in order
to predict and prevent future outbreaks of this potentially fatal human disease.
Deer mice, Peromyscus maniculatus (family Muridae, subfamily
Sigmodontinae), have been identified as the primary rodent reservoir of SNV
(Childs et al., 1994). The mice themselves are asymptomatic (Botten et al.,
2003) but once infected they chronically shed the virus in their urine, feces and
saliva (Monroe et al., 1999), with the highest amount of infectious excreta
being secreted in the early stages of infection (Netski et al., 1999). Humans
primarily contract the disease when aerosols contaminated with infected
excreta are inhaled (Tsai, 1987), although bites by infected rodents, as well as
rubbing eyes, noses, or broken skin after contact with infected excreta all
constitute secondary means of transmission (Jay et al., 1997). Deer mice
occur throughout much of North America (Fig. 2.1), occupy most terrestrial
habitats (Hall, 1981; Verts and Carraway 1998; Kaufman and Kaufman 1989)
and are often found in disturbed habitat (Tallmon et al., 2003). Because of the
broad geographic distribution of the host, and because the virus is transmitted
environmentally (i.e., direct transmission), SNV potentially poses an enormous
risk to human health. However, implicit in hantaviral transmission is proximity
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of hantaviral hosts to humans, as well as opportunity for transmission.
Portland, Oregon, where my research was conducted, has a metropolitan area
population of 1.8 million people. It's extensive park system totaling more than
5100 hectares (ha) is about fifteen times the size of Manhattan's Central Park
and is in fact similar in area to Manhattan itself. Most of these parks are
natural areas with trails for hiking, running, mountain biking, and horseback
riding, which increase the opportunity for contact between wild animals and
humans, either directly or indirectly by potentially stirring up and aerosolizing
excreta. All of these urban parks are also in relatively close proximity to
buildings and humans. When populations are high for a given area, deer mice
may be forced to search for food and nesting sites in peridomestic settings
adjacent to the natural areas, such as sheds, barns, garages, or even homes,
which again increases contact between potential SNV reservoirs and humans.
Despite this disease potential, most of the research into the ecology of SNV
transmission has to date occurred either at confirmed HPS case sites or in
rural areas. Urban parks have not been investigated yet, at least in the Pacific
Northwest, are the areas with greatest disease transmission potential to
humans.
SNV is transmitted horizontally within host populations, primarily due to
bites during aggressive encounters among conspecifics (Mills et al., 1999), for
example, in male-male agonistic interactions (combat for mating rights).
Studies have shown aggression increases in males during the breeding
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season and in females when they are defending their young (Wolff, 1989),
suggesting SNV transmission could vary seasonally. Populations of rodents
from the family Muridae do not appear to fluctuate on a regular, cyclic basis in
North America as they do in Eurasia (Niklasson et al., 1995), though periodic
irruptions do occur and may be tied to unusual climatic factors (Hornfeldt,
1994). Climatic factors (e.g. dramatic increases in precipitation due to El Nino
Southern Oscillation [ENSO]) have been linked to an increase in deer mouse
populations and consequently to the HPS outbreaks in the Four Corners
region of the United States (New Mexico, Arizona, Utah and Colorado:
Engelthaler et al., 1999; Abbott et al., 1999; Yates et al., 2002). Other studies
have suggested predictable seasonal peaks in deer mouse density and SNV
prevalence in the highly seasonal climate of Montana (Calisher et al., 1999;
Douglass et al., 2001). Still other studies suggest bottom-up regulation such
as a trophic cascade in desert ecosystems, whereby increased precipitation
increases the primary productivity of the region, which in turn supports greater
numbers of small rodents (Parmenter et al., 1993), or increased tree seed
production increases the number of rodents the following year in the eastern
United States (Ostfeld et al., 1996). The rainy, relatively mild Willamette Valley
presents a different set of environmental conditions that should be assessed
for the role they might play in the population dynamics of deer mice and
therefore potentially in SNV transmission, but no such research has yet
documented population dynamics and host-virus interactions in the Pacific
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Northwest, despite confirmed human cases of HPS (8 in Oregon, 33 in
Washington, and 18 in Idaho).
Information as to the natural incidence of SNV in Peromyscus
maniculatus in the wild in Oregon, and how it might vary temporally or with
population characteristics, would be useful in predicting periods of high risk
and possibly implementing preventative measures (e.g. public awareness
campaigns). The aim of my study was to research host-hantavirus population
dynamics in urban parks in the Portland, Oregon area. Specifically, I
hypothesized that infection prevalence among Peromyscus maniculatus
populations would fluctuate seasonally and annually. Furthermore, I
attempted to correlate population and environmental factors to infection
prevalence to explain the variation.

METHODS

Study Sites.—For descriptions of the five sites, see Chapter 1.
Trapping methods.—A trapping web (Parmenter et al., 2003) was set in
each of the five parks. I chose to sample using trapping webs because they
are generally thought to provide the most accurate measure of population
density estimates based on four assumptions: 1) probability of capture at the
center of the web is equal to 1; 2) there is no movement bias: animals do not
preferentially move toward or away from the center of the web; 3) distances
from the center of the web to each station are measured accurately and; 4)
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captures are independent events (Anderson et al., 1983). Trapping webs have
also been used in most other rodent-Hantavirus studies in the Western
Hemisphere. A trapping web consists of 12 100-meter trap lines radiating from
a center point (Fig. 1.2). Since each line contains 12 trap stations, there are a
total of 145 trap stations; the center point is also trapped. In order to trap as
many individuals as possible, each station, except the center point included
one Sherman® and one wire-mesh live-trap (O'Farrell et al., 1994). The
center point contained two Sherman and two wire-mesh traps at 90° angles to
each other. The Sherman® live-trap was a folding aluminum type (models LFA
or LFATDG) with dimensions of 7.6cm x 8.9cm x 22.9cm. The wire-mesh live
traps were custom-made with the same dimensions (7.6cm x 8.9cm x 22.9),
were constructed of galvanized % inch (6.35 mm) steel mesh and were fitted
with a galvanized teeter-totter type treadle and gravity drop down door
(O'Farrell etal., 1994).
Additionally, pitfalls were also used, and were made of a 19 L (0.30m
diameter, 0.36m height) bucket buried flush to the rim, with a lid (for rain and
predator cover) suspended above, leaving an approximately 8 cm gap for
access by small animals (Williams and Braun, 1983). Due to park regulations,
concern for the habitat, and dictates of the web design, pitfalls were positioned
only at stations four, seven, and twelve of each line. Finally, two sizes of
Tomahawk® live-traps were used to trap larger animals: a 24"x 7"x 7" size
trap was placed at each 50 meter trap station, and a larger 36"x 10"x 12" size
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was placed at each 100 meter trap station. Although the Tomahawk® livetraps were used for another part of the study to capture larger animals (see
Chapter 3), they were counted in the total trap effort.
Trapping began in October 2002 and lasted until September 2005.
Each trapping event lasted 4 consecutive nights; traps were checked once
daily in the morning. Each site was trapped 19 times over 3 years (6-7 times
per year) for a total of 133,760 trap nights 352 traps x 4 nights per trapping
event x 19 trapping events x 5 parks). Traps were baited with peanut butter
and rolled oats and, when weather dictated, nesting materials (polyester
batting) were added to attempt to reduce the potential for trap-associated
mortalities.
This research was conducted under the auspices of federal, state, and
city permits, and complied with the American Society of Mammalogists
Guidelines (Gannon et al., 2007). All captured animals were treated as if
infected with SNV and handled per the safety guidelines of Mills et al. (1995a).
While checking traps, latex and leather gloves were worn. Captures were
placed into plastic Ziplock™ bags, onto which the trap location was recorded,
and the animals were transported to the center of the trapping web for
processing. During processing, latex gloves, leather gloves, and a full-face,
powered air-purifying respirator (PAPR) with High Efficiency Particulate Air
(HEPA) filter was worn. The animals were taken out of the Ziplock™ bag to be
weighed and identified to species, sex, age, reproductive condition, and
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evaluated for scars, using a standardized data collection form (Mills et al.,
1995b). Blood samples were taken from the retro-orbital sinus. Using a
heparinized capillary tube, six to seven drops of blood per capture were
dripped into a plastic cryovial and, during the second and third year of the
study, another 6-8 drops were collected in a serum separator tube. The
capillary tube was discarded. The vials containing the blood samples were
placed in a clean Ziplock™ bag and taken back to the laboratory, where the
cryovials were stored in liquid nitrogen for later testing (see below). The serum
separator tubes were refrigerated for no more than one week, at which time
the samples were tested at the Oregon State Public Health Laboratory (see
below). During the first two years of the study, Peromyscus maniculatus were
euthanized using a chloroform chamber (Mills et al., 1995b). All other animals,
and Peromyscus maniculatus during the last year of the study, were marked
with a uniquely numbered ear-tag, put back into the Ziplock™ bags and
allowed to recover from anesthesia. Once processing was completed, all
captures were released at their location of capture. Captures that were
euthanized or died were deposited at the Museum of Vertebrate Biology at
Portland State University. Over weekends, traps were washed in a 1:20
solution of industrial strength Lysoll and water, rinsed with water, and air-dried.
All plastic bags and gloves were placed in biohazard bags and discarded.
Sin Nombre virus antibody detection.—In the first year, blood samples
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were sent to the University of New Mexico Medical School (UNMMS) to be
tested by strip immunoblot assay (SIA) for antibody reactivity to SNV antigen
(Hjelle et al., 1997). For shipping, the blood samples were packed in freezer
boxes, then double, heavy Ziplock™ bags, then into a Styrofoam cooler with
enough dry ice to last three days. I later began testing blood samples at the
Oregon State Public Health Laboratory (OSPHL) using an enzyme-linked
immunosorbant assay (ELISA), the standard CDC protocol for SNV testing,
and the protocol and reagents available to me at OSPHL. I continued to send
all samples that tested positive for SNV by ELISA, plus a subset of the
negative samples, to UNMMS for corroboration. Initially, the SIA appeared to
be more sensitive than the ELISA and resulted in more positives. I therefore
experimented with the ELISA protocol until both the ELISA and SIA tests
yielded the same results. Once the ELISA results matched the SIA results, all
samples were tested by ELISA only.
ELISAs, like SIAs, test blood for antibodies that are reactive to a
specific antigen of a particular pathogen, in this case the viral nucleocapsid
antigen of SNV (Feldman et al., 1993). Briefly, one-half of a 96-well microtiter
plate was coated overnight at 4°C with recombinant nucleocapsid antigen
diluted 1:2,000 in phosphate-buffered saline (PBS; pH 7.4). The other half of
the plate, as one of three control measures, was coated with similarly diluted
recombinant control antigen (Fig. 2.3). After this initial coating, both halves of
the plate were treated identically. The plate was washed five times with wash
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buffer (PBS [pH 7.4], 0.5% Tween 20, 0.01% thimerosal). Heat-inactivated
mouse sera, as well as positive and negative controls, were diluted 1:5 (CDC
protocol uses a 1:25 dilution) with serum dilution buffer (PBS [pH 7.4], 0.5%
Tween 20, 0.01% thimerosal, and 5% skim milk) and subsequently diluted to
1:20 through 1:1280 in four-fold dilutions (CDC protocol is 1:100 through
1:6400) in the microtiter plate wells. Following a one hour incubation at 37°C
and five washes with the wash buffer, 100 ml of a specific secondary antibody,
horseradish peroxidase-labeled goat anti-Peromyscus leucopus and antiRattus norvegicus (heavy and light chains) immunoglobulin G (IgG)
(Kirkegaard and Perry, Gaithersburg, MD) diluted 1:500 (CDC protocol is
1:2000 dilution) in skim milk, was added to each well. The plate was again
incubated for an hour at 37°C, washed five times, and incubated a final time
with 100 ul (undiluted) 2,2'-azino-di-(3-ethyl-benzthiozaline-sulfonate)
microwell peroxidase substrate solution for 30 min at 37°C. The peroxidase
reaction was stopped by the addition of 100 pi per well of 1M H2SO4. If
antibodies to SNV were present in the samples, the substrate would react with
the enzyme and develop a green color that was read spectrophotometrically.
The absorbance at 410 nm was determined and compared with those of
negative and positive controls, as well as the control side of the microtiter
plate. Adjusted optical densities (ODs) were determined by subtracting the
OD410 of the control antigen from the OD410of the SNV antigen at each
dilution. The four OD s values were added together, and a sample was
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considered positive if the value was greater or equal to 1.0 and its titer was
1:80. Most other American hantaviruses are cross-reactive with SNV antigen
(Hjelle et al., 1997). This assay could therefore potentially detect another virus,
but would not be able to serologically distinguish it from SNV. However, the
rodent host to a particular Hantavirus is quite specific (Monroe et al., 1999),
such that any infection in P. maniculatus in this study was considered to be
Sin Nombre virus.
Deer mouse categories.— Non-juvenile deer mice were assigned to
three different mass categories to approximate age, while juveniles were
defined by their pelage. P. maniculatus were considered subadults if they were
under 16 grams, young adults (one year of age or younger) if they weighed
between 16 and 20 grams, and old adults (over one year old) if they weighed
over 20 grams. For capture analysis, deer mice were counted only once per
trapping event. For infection prevalence, SNV-positive captures were counted
one time, during the first capture. Numbers in some categories do not add up
to total number of captures due to uncertainty of a particular characteristic
(age, sex, etc.) or missing data. Data for the five parks were combined even
though one site (Forest Park) accounted for a majority of infected P.
maniculatus. This was done because all parks showed similar trends in
infection but had too few infected individuals during a given season and/or
year to be separately analyzed with any confidence. In order to standardize
numbers of P. maniculatus captures due to occasional unequal sampling effort
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among seasons and years, data are presented as capture rates (number of
captures/total number of trap nights during a given time period). Infection
prevalence was calculated as the number of infected P. maniculatus divided
by the total number of P. maniculatus captured for a given time period.
Climatic and seasonal categories.—Climate data were obtained from
the Oregon Climate Services archives,
http://www.ocs.oregonstate.edu/index.html, for the station nearest to all study
sites (45°35'N, 122°36'W; Multnomah, Co.). Climatic variables considered
were average temperature, average temperature departure from normal
(DFN), total precipitation, average precipitation DFN, number of days with
more than 0.25 mm of rainfall, number of days with more than 2.5 mm of
rainfall, number of days with more than 13 mm of rainfall, number of days with
a minimum temperature of less than 0° C, number of days with the maximum
temperature above 32°C, number of clear days, number of partly cloudy days,
and number of cloudy days. I defined winter as the period from January
through March, spring as April-June, summer as July-September, and fall as
October-December.
Data Analysis.—Since the trapping protocol changed in the third year of
the study, a t-test was used to ensure that data from the three years could be
combined. The first two years of the study involved removal sampling, where
captures were euthanized and therefore no longer part of the population.
Removal could potentially affect subsequent captures by creating a sink into
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which dispersing deer mice could move. During the third year of the study,
animals were tagged and released back at the point of capture, such that
theoretically no new animals would move into their territory. To determine
whether removal affected subsequent capture rates within the same trapping
period, differences between number of captures on the first and last day of the
trapping period were calculated and averaged, and compared between
removal and replacement sampling with a t-test, which indicated that no
statistically significant difference between the first two years and the third year
of the study (t=0.50, df=8, P=0.63). Removing animals therefore did not induce
immigration onto the study site, and therefore for subsequent analyses all
years were treated together.
Statistical analyses were undertaken using R, a free statistical software
package available on the web (R Development Core Team, 2006).
Significance levels were set at 0.05 for one-tailed tests and 0.025 for twotailed tests. Average proportions were compared with a test for heterogeneity
of proportions (Zar, 1999). When only two proportions were compared, Yate's
continuity correction was applied (Brower et al., 2002). Fisher's Exact Test for
Count Data was used when one or more expected frequencies were less than
5 (Crawley, 2002). A linear regression (Zar, 1999) was used to test the
relationship between infection prevalence and P. maniculatus density, capture
rate and juvenile capture rate. Finally, a multiple regression (Crawley, 2002)
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was applied to climatic factors to assess their influence on capture rates for
the same season, for the previous season, and for two seasons previous.

RESULTS

Capture and wounding rate.—Over the three years of the study, I
caught 3175 Peromyscus maniculatus (Table 2.1), and significantly more
(X2=70.99, df=1 PO.001,) were males (1729) than females (1395). Most
captures were young adults, followed by subadults, old adults, and juveniles.
Wounds were significantly more common on males than females (x2=9.96,
df=1, P<0.001); 82 young adults were wounded, followed by 29 old adults, 38
subadults, and 2 juveniles. However, when the number of wounded within
each age category were viewed as a proportion of the total numbers of
captures within that age category, old adults were wounded most often,
followed by young adults (x2=5.67, df=1, P=0.017), who were wounded more
than subadults (x2=5.2, df=1, P=0.023). Subadults were, in turn, wounded
more often than juveniles, though not significantly (x2=2.04, df=1, P=0.153).
Annual differences: The number of P. maniculatus caught varied
substantially among years (Table 2.2), with significantly more captures in Year
Two, followed by Year Three and Year One (x2=183.6, df=2, P<0.001).
Number of adult captures and pregnancies exhibited the same pattern of
annual variation, with significant differences among all years (x2=155.38, df=2,
P<0.001and x2=36.47, df=2, P<0.001, respectively). Likewise, the proportion
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of scrotal males varied between years (x2=57.65, df=2, P<0.001), with Year
Two having the highest proportion, followed by Year One and than Year
Three. The difference between the latter years was significant (%2=53.79, df=2,
P<0.001). Overall, subadults exhibited the same pattern as scrotal males
(x2=52.53, df=2, P<0.001), though the capture rates during Years One and
Three were not significantly different from each other (x2=0.25, df=1, P=0.65).
There were fewer juveniles captured in Year Three than Years One and Two
(X2=21.06, df=1 P<0.001), which were not different from each other (x2=1.37,
df=1,P=0.24).
Many of the annual differences in this study can be attributed to the
winter of Year Two (Table 2.3). Significantly more total deer mice and
pregnant deer mice were caught in Winter Two than either Winter One
(X2=33.35, df=1, P<0.001and Fisher's Exact Test: p=0.0003, respectively) or
Winter Three (x2=80.48, df=1, P<0.001and Fisher's Exact Test p=0.032). More
juveniles were captured in Winter Two than Winter Three (x2=5.20, df=1,
P=0.022) or Winter One (x2=0.178, df=1, P=0.673), though the difference was
not significant between the first two winters of the study.
Seasonal differences in capture rate.— More P. maniculatus were
captured in spring than other seasons (Table 2.4), though the difference was
not significant (x2=5.91, df=3, P=0.12). When broken down into age
categories, however, adults (young and old adults combined) were captured
more often in spring than any other season (summer: x2=10.71, df=1,
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P=0.001, fall: x2=17.97, df=1, P<0.001, winter: x2=16.24, df= 1, P<0.001),
largely because more males were caught in spring than any other season
(summer: x2=8.94, df=1, P=0.002, fall: x2=10.47, df=1, P=0.001, winter:
X2=5.67, df= 1, P<0.017). There was no difference in the number of females
captured among seasons (x2=2.67, df=3, P=0.44). More juveniles were caught
in summer and fall than winter and spring (x2=20.13, df=1, P<0.001), and
consequently, more subadults were caught in fall and winter than spring and
summer (x2=15.83, df=1, PO.001).
Breeding was also seasonal (Table 2.4), with scrotal males being
significantly more abundant in spring and summer than the fall and winter
(x2=151.81, df=1, P<0.001). Fewer pregnant females were captured in the fall
than in any other season (winter: x2=7.98, df=1, P=0.005, spring: x2=5.70,
df=1, P=0.017, summer: x2=10.10, df=1, P=0.001). The second winter season
of the study had unusually high numbers of P. maniculatus, including pregnant
females. In that winter, 33 pregnant females were captured, compared to two
and zero during the other winters. When Winter Two, with its unusually high
numbers of pregnant females, was taken out of the analysis, winter captures
of pregnant deer mice were significantly lower than any other season (spring:
X2=21.84, df=1, P<0.001, summer: x2=28.05, df=1, P<0.001, fall: x2=6.90,
df=1,P=0.009).
In an attempt to explain the differences in P. maniculatus numbers
among years, capture rate was compared to climatic variables using linear
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regression. All variables were analyzed singly and in combination with all other
variables during the season of the given capture rate, offset from the season
of the given capture rate by 1 season, and offset by the given capture rate by
2 seasons. The regression analyses detected significant relationships between
capture rate and temperature DFN, total precipitation, and number of clear
days two seasons previous (Table 2.5; F=4.93, df=5 and 7, P=0.029). Total
precipitation by itself was not significant but added to the model as an
interaction term with temperature DFN, number of clear days and in an
interaction with all three climatic variables. In addition, interaction plots of the
same climate factors were made to visually assess climatic differences that
may have been different among the three years of the study (Fig. 2.4 and 2.5).
Given that there would be only three points to any model (one for each year),
a statistical analysis was not attempted. The interaction plots start the April
before the study began, and end in March of the last year of the study.
Therefore, for the interaction plots, the designation of Years 1-3 is different
than for the rest of the tables and graphs, but allows easier comparison of the
climate data leading up to the abnormally large numbers of P. maniculatus in
the second winter of the study. Summer 2, in particular July, was warmer than
normal, with more days when maximum temperature exceeded 32°C, less
precipitation, and more clear days than the other two years, as also observed
in the results of the regression analysis. January of Year 2 was colder than
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normal, with lower high temperatures, more cloudy days, and more days with
0.25 mm of rain or more than the other years of the study.
Infection prevalence.—142 P. maniculatusWfth antibody to Sin Nombre
virus were caught over the three years of the study, of which 45 were female
and 97 were male (Table 2.1). Infection was most common among young
adults (91), followed by 28 old adults, 22 subadults, and 1 juvenile (Fig. 2.6).
Young adults were infected significantly more often than would be expected
based on their overall capture rate (%2=817.40, p « 0 . 0 0 1 , df=1), subadults and
juveniles were infected significantly less than expected (%2=21.74 and 5.63,
df=1 for both, P<0.001 and P=0.018 respectively), while old adults were
marginally more likely to be infected than expected by chance (x2=3.65, df=1,
P=0.056). Males made up a significantly larger proportion of the infected
captures (%2=8.73, df=1, P=0.003,) compared to non-infected captures.
Approximately half of the captured subadult and adult males that were not
infected were in breeding condition with testes in the scrotal position (50.1%).
However, 64 out of 97 (66%) infected males were in breeding condition, a
significantly higher proportion than their non-infected counterparts (Fig. 2.3;
X2=9.74,df=1,P=0.002,).
There were no statistically significant differences in the frequency of
wounding in infected individuals compared to non-infected individuals by
weight (Fig. 2.7; Fisher's Exact Test, p values=1, 0.06, 0.49 and 0.74),
although subadults came close. Infected females, however, were wounded
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more frequently than uninfected females (Fisher's Exact Test p=0.04),
whereas infected and uninfected males exhibited no difference (Fisher's Exact
Test p=0.52).
Seasonal and annual differences in infection prevalence.—Infected P.
maniculatus were captured in all seasons (Fig. 2. 8), but the highest
proportions occurred in summer, followed by spring, fall and then winter
(x2=32.87, df=3, P<0.001). All pairwise seasonal comparisons were significant
(summer vs. spring; % 2 =4.21, df=1, P=0.040, fall vs. winter; (x2=6.91, df=1,
P=0.008), except for spring vs. fall (x2=0.88, df=1, P=0.35). Thirteen infected
deer mice were captured in the first year, 76 infected deer mice were captured
in the second year, and 53 infected individuals were captured in the third year.
However, the frequency of infection was highest in Year 3, although not
significantly more than Year 2 (x2=0.12, df=1, P=0.73). Year 1 prevalence of
infection was less than in either Year 2 or 3 (%2=10.33, df=1, P=0.001 and
X2=011.43, df=1, PO.001 respectively).
To try to elucidate the factors affecting the temporal differences in SNV
infection in P. maniculatus, linear regression was used to compare infection
prevalence with P. maniculatus density, capture rate and juvenile capture rate
(Table 2.6) during the season with the given infection prevalence, offset from
the season of the given infection prevalence by one season, and offset from
the given infection prevalence by two seasons. Only P. maniculatus juvenile
capture rate offset by two seasons showed any significant relationship, either
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positively or negatively, with infection prevalence (Fig. 2.9; F=7.087, P=0.029,
R2= 0.40), and the relationship was negative.

DISCUSSION

P. maniculatus capture data from the three years of this study indicate a
population of made up of mostly young (1 year old) adults, followed by
subadults, old adults (older than 1 year), and juveniles. Only 14% of the
captures were in the largest weight class, suggesting most P. maniculatus do
not live beyond 1 year in urban parks. More male captures may be indicative
of the fact that male deer mice disperse and therefore potentially have more
opportunities to encounter a trap, whereas females typically stay in their natal
territory (Wolff, 1989). However, there may actually be a male bias in the sex
ratio of P. maniculatus (Kaufman and Kaufman, 1982). Wounds were present
among individuals of all ages, but the prevalence of wounds increased with
age, suggesting that although aggressive behaviors start at an early age, most
wounds are associated with breeding. The primary seasons for mating among
P. maniculatus in Oregon appear to be spring and summer, as evidenced by
the presence of more scrotal males during those seasons. Furthermore, more
pregnant females were captured in the spring and summer, and more
juveniles were captured in the summer and fall, further adducing support to
spring and summer as the primary breeding seasons in Pacific Northwest for
P. maniculatus. However, there were at least some scrotal males, some
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pregnant females, and some juveniles during all four seasons, suggesting that
a background level of breeding occurs year-round.
The deer mouse population, as inferred from capture rate, varied
significantly among the three years of the study. Similar annual fluctuations in
deer mouse population size have been shown in highly seasonal climates
(Douglass et al., 2001; Calisher et al., 2000; Bowman et al., 2008) and desert
biomes (Mills et al., 1999) and are hypothesized to be associated with food
availability (Parmenter et al., 1993; Yates et al., 2002). Gashwiler (1979) found
that the number of springtime deer mouse captures in western Oregon forests
was related to the seed crop of Douglas fir (Pseudotsuga menziesif) and
western hemlock (Tsuga heterophylla) from the previous fall. He also found
that the number of scrotal males and pregnancies was greater from
September through March in good seed years. Wolff (1996) and Jones et al.
(1998) found that in high nut production years in the northeastern United
States, there were higher than normal densities of rodents, including P.
maniculatus, the following summer due to both the high survival rate of
overwintering adults and high levels of pregnant mice and juveniles, and that
the rodents bred all winter long. Falls et al. (2007) studied 35 years of P.
maniculatus and seed production and found that deer mouse populations
peaked after good seed crop years, which happened at irregular intervals.
They also found that after a good seed year, more adults overwintered, and
breeding started earlier. However, the young of the summer did not reach
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breeding mass due to slow growth and breeding was reduced for all age
groups in August and September. Deer mice are omnivorous and able to
adjust their diets to exploit abundant food supplies (Verts and Carraway,
1998), and in Oregon forests conifer seeds make up a large portion of their
diet in years of high seed supply (Gaswiler, 1970; 1979). I did not measure
seed production during this study, though the P. maniculatus population data
presented herein suggest Fall 2 may have had high seed production. Higher
than normal levels of deer mice overwintered during Winter 2, as evidenced by
the disproportionately high number and frequency of captures, and although
the frequency of scrotal males was intermediate, the number of pregnant P.
maniculatus was comparatively larger than other years. The three highest
capture rates per season during the three-year study were from the winter,
spring, and summer of Year 2. Additionally, the low numbers of pregnant
females and juveniles in winter and spring of Year 3 could be a result of the
Summer 2 young not reaching breeding mass, as in the Falls et al. study
(2007). High spring or summer temperatures have been suggested as the
cause of high seed crop years and masting (Sork et al., 1993; Schauber et al.,
2002; Falls et al., 2007). The interaction plots show that Summer 2 was
warmer and somewhat drier than normal, particularly July, which had more
days with the maximum temperature greater than 32°C, and more clear days.
These conditions could have increased seed production in the ecosystems,
providing an ample food source for the mice. Furthermore, the regression
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analysis suggests that increased temperature, along with precipitation and
number of clear days, explained 78% of the capture rate 2 seasons after the
fact (Table 2.5). The regression must be viewed cautiously, however,
because of the low number of years involved and the obvious seasonal
patterns in climate and P. maniculatus numbers.
Another potential explanation for the large increases in adult P.
maniculatus is that the second winter was mild relative to the other winters
during the study. The interaction plots do not support the notion of a mild
winter, however, and a mild winter would not explain the huge increase in
pregnancies. Even though more overwintering adults would mean a greater
number of pregnancies due to sheer numbers alone, the frequency of
pregnancies should theoretically be the same, especially given that the
number of scrotal males was similar between years 1 and 2. That was not the
case in Winter 2, when the pregnancy rate was at least one order of
magnitude greater than the next closest winter. Climate may well have played
into the numbers, although somewhat counter-intuitively. The interaction plots
show that the second winter, especially January, was actually colder and
cloudier than the other years. If breeding begins in winter, and males seek
mates during the cold, wet months of January, this would be an extremely
hazardous time. Predation is a risk at any time, but more so when a deer
mouse is spending extra time searching for a mate who is not necessarily out,
but instead in her nest. Furthermore, the threat of hypothermia is extreme,
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especially in the Pacific Northwest winter. In colder climates, deer mice nest
singly or in family groups during the breeding season, but nest communally in
winter (Wolff, 1989). The advantage of communal nesting, or huddling, is that
there exist energetic advantages, which have been modeled by Vickery and
Millar (1984). Their model predicts a group size of 2-3 at moderate
temperatures, but a larger group size at colder temperatures. During the
second winter of the study, the weather was colder and cloudier than the other
years, and perhaps this abnormally cool weather promoted communal nesting.
Potential mates would be in the nest, obviating the need, and danger, of
seeking mates outside, and thereby explaining both the number of surviving
adults and the number of pregnant females. Long-term data would need to be
collected to test whether the seed production or communal nesting hypotheses
lead to greater P. maniculatus numbers the following year.
Infection.—SNV infection was more frequent in adults, males, and
scrotal males than expected and these findings are consistent with the
hypothesis that aggressive breeding behaviors among males are an important
means of SNV transmission (Mills et al., 1999). Fewer females were infected
than would be expected based on their numbers in the overall population.
Females tend to stay toward the center of their territory, whereas males spend
more time at the periphery, where they are more likely to encounter other
males (Wolff, 1989). This could be another reason for the male bias in
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infection. One juvenile had antibodies to SNV, likely due to transient maternal
antibodies passed transplacental^ (Botten et al., 2000).
Several studies have suggested that wounding is related to infection
with SNV (Glass et al., 1988; Mills et al., 1998b; Calisher et al., 1999), but the
data herein do not support those findings. While biting and aggressive
encounters may be the mode of transmission of SNV among P. maniculatus,
wounding itself may not be indicative of infection prevalence because all
wounds do not necessarily translate into obligate transmission of infection.
The high frequency of wounded infected subadults in this study suggests
dispersal may be a particularly efficient time for SNV transmission. Young deer
mice are the primary dispersers (Wolff, 1989) and dispersal occurs primarily
during the breeding season (Van Home, 1981). Older resident males, already
aggressive because of the breeding season, are more aggressive toward
intruders (such as dispersers) than they are to neighbors (Wolff, 1989).
Subadults are therefore likely to encounter many aggressive males in the
search for a territory, and each encounter is a potential SNV transmission
event. That infected females possess proportionally more wounds than
uninfected females is of interest. Most studies, when a bias occurs, show
infected males to have more wounds, presumably as the result of breeding
behaviors (Glass et al., 1988; Bennett et al., 1999; Calisher et al., 1999). While
females are highly aggressive when defending nests and young (Wolff, 1989),
and could potentially obtain wounds and SNV in this manner, the low overall
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numbers of infected, wounded female mice make any conclusions difficult.
Another confounding factor is that many of the scars could have gone
unnoticed. We looked for visible scarring, such as nicked ears and tail
wounds, but scars under the pelage may have been missed.
While some studies suggest P. maniculatus density (Biggs et al., 2000)
and capture rate (Calisher et al., 2007) are positively correlated to infection
prevalence, others have not found such a relationship (Douglass et al., 2001).
My research shows that density and capture rate could not explain infection
prevalence, largely because of the spring and summer of Year 3, where
overall capture rates and densities decreased steeply from the previous year,
yet infection prevalence remained high; in fact Summer 3 had the highest
infection prevalence of the study even though capture rates and densities
were among the lowest. The high infection prevalence in Year 3, and
particularly Summer 3, can be explained by the fact that extremely low rates of
juveniles were added to the population in the winter and spring, meaning the
infection prevalence was not diluted by the addition of non-infected young as
in previous years. The linear regression revealed that juvenile capture rate
negatively affected infection prevalence two seasons later. Thus, following
juvenile capture rates, at least in this study, was a better indicator of infection
prevalence than either P. maniculatus capture rate or density. Presumably,
and as evidenced from the Summer 3 juvenile capture rate, the incidence of
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infection would decrease to Year 1 levels by spring or summer of the following
year (Adler et al., 2007).
Much of what we know about P. maniculatus-SNV dynamics comes
from the desert southwestern U.S. or highly seasonal climates such as
Montana and Colorado. The Pacific Northwest offers a unique set of climatic
factors that undoubtedly affect the population of deer mice and the spread of
disease. This study suggests P. maniculatus populations vary interannually,
and that the variation might be tied to climatic factors that, in turn, affect food
resources, supporting a bottoms-up regulatory force. The summer of Year 2
was warmer and somewhat drier than average and had more clear days than
other years of the study. The warm, dry summer may have led, in turn, to an
increase in seed production in the fall, leading to more overwintering adults
and earlier breeding.
Population and disease dynamics are highly complex, involve time lags,
and likely involve multiple ecological factors on multiple temporal and spatial
scales (Mills, 2005). Long-term studies in differing environments can elucidate
the factors underlying SNV-P. maniculatus dynamics in order to build models
that can predict times of high P. maniculatus numbers and SNV prevalence.
The research herein will add important information from a climate zone that
has not yet been studied, which in turn will be used to protect the public from
SNV, and potentially other directly or indirectly transmitted zoonotic diseases.
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Table 2.1. The number of captures within each category and the frequency
each number represents within the given age sex or age category. Indicates a
significant difference from the row above and +indicates statistically significant
differences from the uninfected counterpart. Significance based on a test for
homogeneity of proportions with Yate's continuity correction when only two
proportions were evaluated or a Fisher's Exact Test for Count Data when one
or more expected frequencies were less than 5.

Captures

Frequency

Infected

Frequency

Males

1729

0.55

97

0.68+

Females

1395*

0.45

45

0.32+

Juveniles

170

0.06

1

0.007+

Subadults

1050

0.34

22

0.15+

Adults<20g

1446

0.47

91

0.64+

Adults>20g

432

0.14

28

0.20+

Males

109

0.06

8

0.08

Females

52*

0.04

5

0.11 +

Juveniles

2

0.01

0

0.00

Subadults

38

0.04

3

0.14

Adults<20g

82*

0.06

7

0.08

Adults>20g

39*

0.09

3

0.11

Wounded
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Table 2.2. Annual differences in P. maniculatus captures. The top number
gives the number of captures. The bottom number is the number of captures
divided by the total number of traps used during the given time period, giving a
standardized proportion. Indicates a statistically significanct difference
between seasons for a test of homogeneity of proportions, with a Yate's
continuity correction utilized when two proportions were compared.

Total captures

Yearl

Year 2

Year 3

669

1522
0.0309*

0.0212*

0.0176*

984

Adults

355

966

669

0.0093*

0.0196*

0.0144*

Subadults

242

480

282

0.0064

0.0097*

0.0061

Juveniles

72

76

33

0.0019

0.0015

0.0007*

Males

318

781

521

0.0084*

0.0185*

0.0112*

Scrotal males

250

431

169

0.0066*

0.0036*

0.0092

0.0087*
741*
0.0150

12

77

38

0.0003*

0.0016*

0.0008*

Females
Pregnant

351

59

463
0.0010

Table 2.3. Comparisons of P. maniculatus between the three winters of the
study. The top number gives the number of captures. The bottom number is
the number of captures divided by the total number of traps used during the
given time period, giving a standardized proportion. Indicates statistically
significant differences between winters for a test of homogeneity of
proportions, with a Yate's continuity correction utilized when two proportions
were compared. Fishers Exact Test for Count Data was used when one or
more expected frequencies were less than 5.

Total captures
Scrotal males
Juvenile
Pregnant

Winter One
137
0.019
52
0.007*
7
0.001
0
0.000

Winter Two
385
0.034*
56
0.005*
15
0.001
33
0.0029*
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Winter Three
204
0.016*
13
0.001*
5
0.0004*
2
0.0002

Table 2.4. Seasonal capture data of P. maniculatus. The number of total
captures for each category is given. To standardize captures due to unequal
sampling effort, total captures each season were divided by the trap effort for
that season. The resulting proportions were compared with a test for
homogeneity of proportions with Yate's continuity correction when only two
proportions were evaluated, indicates a statistically significant difference
between seasons. () gives the winter value without Winter 2, which had an
unusually high number of pregnant P. maniculatus.
Captures

Winter

Spring

Summer

Fall

Total

3175

0.0234

0.0253

0.0226

0.0236

Adult

1990

0.0137

0.0177*

0.0145

0.0136

Subadult

1004

0.0089*

0.0068

0.0064

0.0081*

Juveniles

181

0.0009

0.0009

0.0017*

0.0019*

Males

1620

0.0119

0.0140*

0.0114

0.0112

Scrotal

850

0.0039

0.0096*

0.0085*

0.0034

Females

1555

0.0116

0.0113

0.0112

0.0124

Pregnant

127

0.0011
(0.0001*)

0.0010

0.0012

0.0005*
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Table 2.5. Regression analysis showing the relationship between capture rate
and three climatic variables occurring two seasons earlier: temperature
departure from normal, total precipitation and the number of clear days. The
relationship was significant (F=4.96, R2 =0.78, P=0.029, df=5, 7)

Est.

t

P

Temp DFN

0.020

4.32

0.003

Clear days

0.001

3.69

0.008

Temp DFN:Ttl Pre

0.001

3.91

0.006

Ttl pre: Clear

0.001

3.25

0.014

Temp DFN:Ttl
Prc:Clear

-0.001

-3.99

0.005
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Table 2.6. Peromyscus maniculatus infection prevalence, overall capture rate,
juvenile capture rate and density across the 12 seasons of this study.
Fall
Yearl

Winter Spring Summer

Infection prevalence

0.018

0.007

0.006

0.045

Capture rate

0.029

0.019

0.017

0.026

Juvenile capture rate 0.0041

0.0010

0.0010

0.0020

Density (per hectare)

14.29

6.52

5.92

14.01

Year 2 Infection prevalence

0.031

0.013

0.066

0.075

Capture rate

0.019

0.042

0.048

0.036

Juvenile capture rate 0.0013

0.0013

0.0017

0.0018

Density (per hectare)

10.19

28.87

27.78

17.14

Year 3 Infection prevalence

0.053

0.029

0.045

0.124

Capture rate

0.035

0.020

0.027

0.019

Juvenile capture rate 0.0013

0.0004

0.0000

0.0011

9.95

11.83

8.53

Density (per hectare)

13.42
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Figure 2.1. Geographic distribution of Peromyscus maniculatus.
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Figure 2.2. A Live-trapping web as described herein.
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Figure 2.3. The set-up for a microtiter plate to test blood samples for antibody
reactivity to Sin Nombre virus (SNV). The upper half of each plate is coated
with SNV antigen while the lower half is coated with a control antigen, after
which both halves of the plate are treated identically. Each column represents
one blood sample, which is four-fold serially diluted on both halves of the
plate.
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Figure 2.4. Interaction plots of 4 climatic factors that varied during the 3
summers of the study. The 4 plots show temperature departure from normal
(DFN), number of days with the maximum temperature above 32°C, total
precipitation (cm), and the number of clear days. The plots start at April and
end with March.

Temperature DFN
Year 1

Year 2

Number of Days >32° (C)
Year 3

——Year 1

Number of Clear Days
.Year 1

Year 2

Year 2

Year 3

Total Precipitation (cm)
Year 1

Year 3
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Year 2

Year 3

Figure 2.5. Interaction plots of 4 climatic factors that varied during the 3
winters of the study. The 4 plots show temperature departure from normal
(DFN), the average high temperature, the number of days with more than
0.25mm of rain and the number of cloudy days. The plots start at April and end
with March.
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Figure 2.6. Comparison of the frequencies of infected P. maniculatus and
non-infected P. maniculatus within three categories. * Indicates a statistically
significant difference between infected and non-infected P. maniculatus
frequencies for a test of homogeneity of proportions, with a Yate's continuity
correction utilized when two proportions were compared. Fishers Exact Test
for Count Data was used when one or more expected frequencies were less
than 5.
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Figure 2.7. Comparisons of wounding frequencies between infected and noninfected P. maniculatus using Fisher's Exact Test for Count Data. Only
infected females were wounded statistically significantly more than their
uninfected female counterparts.
Wounding Frequencies in P. maniculatus
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P=0.52

0.8
0.7

P=0.49

0.6

P=0.04

0.5
0.4
0.2
0.1

P=0.74

P=0.06

0.3

P=1

0
Juveniles

Subadults

Adults<20g

70

Adults>20g

Females

Males

Figure 2.8. The seasonal and annual frequency of SNV infection in P.
maniculatus. ^Indicates significance at 0.05 for a test of homogeneity of
proportions, with a Yate's continuity correction utilized when two proportions
were compared. Fishers Exact Test for Count Data was used when one or
more expected frequencies were less than 5. All pairwise comparisons
between seasons were statistically significantly different from one other except
for fall and spring. Year 1 had a statistically significantly lower infection
prevalence than either Year 2 or 3.
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Figure 2.9. The relationship between infection prevalence and juvenile
capture rate two seasons previous using linear regression.
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CHAPTER 3

HEALTHY ECOSYSTEMS PROTECT HUMAN HEALTH

ABSTRACT

Newly emerging zoonotic disease outbreaks are affecting humans at an
alarming rate. The ecological factors associated with zoonoses are poorly
understood, yet without their elucidation disease emergence is bound to
continue. Disease suppression has been demonstrated for Lyme Disease (LD)
by a "dilution effect," whereby increasing species diversity decreases disease
prevalence in host populations. To test the effect of species diversity, as well
as species density, park size and 15 vegetative factors on the directly
transmitted Sin Nombre Virus (SNV, genus Hantavirus, etiological agent of
Hantavirus Pulmonary Syndrome) in its wildlife host, Peromyscus maniculatus
(deer mouse), I trapped small mammals in five urban parks in Portland, OR
over the course of three years and tested for exposure to SNV using enzymelinked immunosorbent assy (ELISA). A total of 5061 small mammals were
sampled, of which 3192 were P. maniculatus. Population densities were
calculated using the program DISTANCE. All parks differed floristically and
faunistically from each other based on an analysis of similarity and Simpson's
index of diversity respectively. However, no vegetative factors were associated
with P. maniculatus density or infection prevalence. Furthermore, P.
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maniculatus density showed no relationship to infection prevalence based on
logistic regression analysis. Infection prevalence was, however, found to be
statistically significantly and negatively related to site species diversity using
non-linear regression: as species diversity decreased, infection prevalence
increased moderately, but increased exponentially at very low levels of
diversity, a phenomenon I describe as a "zoonotic release". Disease risk to
humans may therefore be minimized by the maintenance of intact and diverse
communities.

INTRODUCTION

Conservation biology, by definition, is concerned with protecting
species diversity, a cause that would seem universal in its appeal. However,
conservation and conservationists are often seen as misanthropic because the
goals seem overly biocentric, with little concern for human welfare
(Shellenburger and Nordhaus, 2004). As a consequence, conservation efforts
habitually lose out to competing economic interests. The inevitable loss of
species diversity has unpredictable (but generally negative) impacts on
ecosystem functioning (Loreau et al., 2001; Cardinale et al., 2006; Tilman et
al., 2006; Hector and Bagchi, 2007). Despite compelling scientific research, an
unparalleled loss of species, largely due to anthropogenic factors (widespread
deforestation, land use alteration, human encroachment, pollution, climate
change, etc.), continues at an alarming and unabated rate (Sisk et al., 1994). If
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conservation is going to succeed, then it must reach outside of the scientific
community to reach the public at large (Daily and Ehrlich, 1999) and to gain
general public support, there must be tangible human benefits that can
compete with the immediate—usually economic—gains of non-conservation
land-use (Daily and Ellison, 2002). To that end, the terms "ecosystem
services" (Daily, 1997) and "win-win ecology" (Rosenzweig, 2003) have been
coined to describe an array of benefits that humans derive from ecosystems.
Such benefits can be broadly categorized as production of goods, life-fulfilling
services (aesthetics, communing with nature), future possibilities (cures for
diseases, genetic diversity), and life support options (climate control, carbon
sequestration; Daily et al., 2000). Unfortunately, there are problems with each
of these categories. Production of goods often requires destruction of parts of,
or the entirety of, an ecosystem and the economic benefits often fall into the
hands of an elite few (Chan et al., 2007). Life-fulfilling services are for the
most part intangible, and therefore difficult to quantify. Future possibilities are
long-term, unknown, and again, difficult to measure. Many life-support
services, such as climate control and carbon sequestering, are distant and
vague to the non-scientist, and seem far removed from the daily lives of most
people. However, a quantifiable, non-destructive and highly beneficial life
support service that affects people's daily lives does exist: the ecosystem
service of disease suppression.
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Infectious diseases have emerged or reemerged at distressing rates
over the past few decades, the most notable of which include Ebola, SARS,
West Nile Virus, Nipah Virus, Avian Influenza, Rift Valley Fever, Lyme Disease
and Hantavirus. Most emerging diseases today are zoonotic (Taylor et al.,
2001), meaning they are carried by, and persist in, wildlife hosts—often with
no apparent effects on the natural host. Of these emerging zoonotic diseases,
the majority are rodent-borne (Kruse et al., 2004).
Species diversity has been hypothesized to suppress the risk of Lyme
Disease (LD) in an ecosystem through a process termed a dilution effect
(Ostfeld and Keesing, 2000a; Schmidt and Ostfeld, 2001). The LD spirochete
(Borrelia burgdorferi) is maintained in nature primarily within a tick-rodent
enzootic cycle. In North America, Peromyscus leucopus, the white-footed
mouse, is the most competent reservoir for LD spirochetes, meaning the
mouse acquires, replicates, and transmits B. burgdorferi more efficiently than
other vertebrates. The white-footed mouse is a ubiquitous generalist species
(Kaufman and Kaufman, 1989), occurring in the eastern U.S. in areas of both
high and low mammalian species richness (Ostfeld and Keesing, 20006). The
tick vector (Ixodes scapularis) is the vector that carries and transmits B.
burgdorferi from host to host. Transovarial transmission does not occur and
therefore tick larvae are born Sorre//a-free, and only acquire the bacterium
upon ingestion of blood from an infected vertebrate host. /. scapularis feed on
many birds, mammals, and reptiles, many of which can carry B. burgdorferi.
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However, most of these vertebrates are not competent reservoirs and transmit
the spirochete only weakly, if at all (LoGiudice et al., 2003), and thus the
potential number of infected vectors in the ecosystem declines, and thereby
lowers the risk of LD transmission to humans. Accordingly, by having more
species (increased species diversity) present in an ecosystem, the risk of LD
in the ecosystem is consequently diluted, as shown both theoretical and
empirical studies (Ostfeld and Keesing, 2000b; Schmidt and Ostfeld, 2001;
LoGiudice et al., 2003; Ostfeld and LoGiudice 2003).
In contrast, directly transmitted zoonoses, such as hantaviruses, in
contrast do not rely on a vector (or intermediate host) to be transmitted.
Several dozen types (species and "quasispecies") of Hantavirus have been
recently discovered in the western hemisphere, each type hosted by a unique
rodent species (Monroe et al., 1999), although novel hantaviruses also have
recently been discovered in shrews (Carey et al., 1971; Arai et al., 2007;
Klempa et al., 2007; Song et al., 2007). The hosts appear to be asymptomatic
(Hjelle and Yates, 2001, though see Netski et al., 1999 for a different point of
view) and remain seropositive for life (Mills et al., 1999; Kuenzi et al., 2005).
Although viral shedding may also occur for the life of the rodent, the early,
acute stages appear to have the highest levels of virus transmission (Netski et
al., 1999). Humans become infected with Hantavirus by breathing in
aerosolized infected rodent excreta (Tsai, 1987), potentially resulting in
Hantavirus Pulmonary Syndrome (HPS). HPS is characterized by fever,
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myalgia, headache, chills and nausea (Duchin et al., 1994) resulting from
exposure anywhere from 1 to 5 weeks previous (Young et al., 1998) followed
by a cardiopulmonary phase, occurring 4 to 10 days after the initial symptoms
first appear. The cardiopulmonary stage involves bilateral interstitial infiltrates
caused by pulmonary edema (Hallen et al., 1996). This phase progresses very
quickly and usually requires hospitalization and oxygen supplementation within
24 hours (Young et al., 1998). Since first discovered in the southwest United
States in 1993, 506 cases of HPS have been confirmed in the U.S., with most
occurring in the West. While four other hantaviruses have contributed to this
number, Sin Nombre virus (SNV), hosted by Peromyscus maniculatus (the
deer mouse), has been identified as the cause of over 90% of HPS cases in
the United States and Canada (Monroe et al., 1999; Fulhorst et al., 2007).
There is a high mortality rate (almost 40%) from HPS, and no prophylaxis,
treatment, or cure (Yates et al., 2002). Hantaviruses are hypothesized to
spread from rodent host to rodent host through bites (Mills et al., 1999).
Studies have found that low diversity ecosystems dominated by the rodent
hosts to three distinct hantaviruses had high infection prevalence in the rodent
host, suggesting a role for species diversity (Ruedas et al., 2004; Yahnke et
al., 2001). While the mechanism would undoubtedly be different for a directly
transmitted zoonosis such as Hantavirus, where there theoretically is only one
competent host, a dilution effect could occur in areas of higher species
diversity if the presence of other species caused intraspecific encounters to
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became less numerous than in a less diverse ecosystem. More numerous
encounters among deer mice increase the potential for intraspecific
transmission, thus amplifying the potential risk to humans. Because of the
zoonotic nature of HPS and its airborne transmission to humans, control of the
disease is extremely difficult. Prediction and suppression remain the best, and
perhaps only, defense against this potentially fatal human disease. The
consequences of species diversity diluting the infection prevalence of
hantaviruses specifically, and viruses generally, will be critical in the
understanding of the breadth of the dilution effect. The existence of this effect
has been well documented in Lyme Disease, and theory suggests that it
should apply to other zoonotic diseases, whether vector-borne or directly
transmitted (Keesing et al., 2006).
Macarthur and Wilson (1967), in their landmark study, suggested that
fragmented mainland natural areas can be viewed as habitat islands that are
analogous to oceanic islands. Theories pertaining to species richness on
oceanic islands may also pertain to these habitat islands. However, questions
remain as to the strength of this analogy (Howe 1984). Island biogeography
predicts that larger islands (and thus larger fragmented natural areas) will
contain more species, that is: higher species diversity (Macarthur and Wilson,
1967).
There are many other ecological factors that could contribute to
variation in the number and intensity of intraspecific P. maniculatus
79

encounters. These include such factors as increased density of deer mice and
vegetative characteristics of the ecosystems. At high population densities,
male deer mice intensely defend both females' and their own territories (Wolff
1989), meaning both encounter rate among the mice and aggression levels
are amplified. High mouse population densities are therefore potentially
predictive of high viral prevalence in deer mice, and, indeed the 1993 outbreak
of HPS in the Southwest United States coincided with unusually high densities
of deer mice (Mills et al., 1999). Other SNV studies have demonstrated high
infection prevalences when deer mice densities were also high (Biggs et al.,
2000; Calisher et al., 2007), but such results are not universal (Calisher et al.,
1999; Douglass et al., 2001), suggesting factors other than density may play a
role in viral transmission. The concept of density-dependent transmission is
not unique to hantaviruses (Anderson and May, 1991; Begon et al., 2002;
Keesing et al., 2006), but its applicability to the P. maniculatus-SNV system
has been elusive between habitat types (Mills et al., 1998b). Still others have
shown SNV infection prevalence in P. maniculatus to be associated with
habitat quality and structure (Abbott et al., 1999; Mills et al., 1997), or that
areas with particular types of vegetative cover and landscape characteristics
may act as refugia, wherein SNV infection persists while extinct in other areas,
maintaining infection that can sporadically irrupt into non-refugia areas (Glass
et al., 2007). Still other studies suggest a bottom-up regulation of host and
pathogen, where SNV prevalence is associated with food sources (Abbott et
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al., 1999) or with a trophic cascade, whereby increased precipitation in desert
ecosystems increased the vegetation of the region, which in turn supported
greater numbers of small rodents with food and cover (Parmenter et al., 1993;
Yates et al., 2002), Further studies clearly are needed to help elucidate the
relationship between vegetative factors and their affects on SNV prevalence.
Little research has been carried out on the dilution effect, beyond its
operative nature in the LD system (Holt et al., 2003; Telfer et al., 2005,
Keesing et al., 2006, Dobson et al., 2006), yet its implications worldwide—if
the effects are applicable to other types of disease—would have substantial
and enduring impacts on conservation. In this study, I monitored small
mammal community structure in five forested urban parks, and document
infection prevalence of SNV among P. maniculatusto test the hypotheses that
areas of higher host density would contain higher infection prevalences of Sin
Nombre virus in the host populations, that areas of higher species diversity
would exhibit lower infection prevalences of SNV in the host populations, and
that park size would be positively related to species diversity. In addition, I
measured vegetative factors to see if parks differed floristically, in a manner
that might influence infection prevalence, deer mouse numbers and species
diversity.

METHODS

Study Sites.— For descriptions of the five sites, see Chapter 1.
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Sampling.—For a description of the trapping protocol, see Chapter 2.
Vegetation.—Habitat structure was measured once in the fall of 2005 in
an attempt to correlate mammalian species diversity, and/or hantaviral
prevalence, with vegetation. Every even-numbered trap station of each
trapping web was used as the center point of a 5-meter radius circular plot
within which I estimated the percentage of ground area covered by trees,
shrubs, bare ground (including soil, rock and water) and groundcover (Table
3.1). Groundcover was further broken down into bryophytes, other plant
ground cover (grasses, flowers, mosses), coarse woody debris (CWD), and
litter. In addition, within each plot, the total number of trees, large trees
(diameter greater than 25 cm), and shrubs was recorded, and shrubs were
further grouped into one of two categories based on height (<100 cm or >100
cm). Finally, a count of the total number of species of plants within a given plot
was taken.
Enzyme-Linked Immunosorbent Assay.—For a description of the
ELISA, see Chapter 2.
Data Analyses.— Since the trapping protocol changed in the third year
of the study, a t-test was used to ensure that data from the three years could
be combined. The first two years of the study involved removal sampling,
where captures were euthanized and therefore no longer part of the
population. Removal could potentially affect subsequent captures by creating
a sink into which dispersing deer mice could move. During the third year of the
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study, animals were tagged and released back at the point of capture, such
that theoretically no new animals would move into their territory. To determine
whether removal affected subsequent capture rates within the same trapping
period, differences between number of captures on the first and last day of the
trapping period were calculated and averaged, and compared between
removal and replacement sampling with a t-test, which indicated that no
statistically significant difference between the first two years and the third year
of the study (t=0.50, df=8, P=0.63). Removing animals therefore did not induce
immigration onto the study site, and therefore for subsequent analyses all
years were treated equally.
Deer mouse densities (deer mice per hectare) were calculated for each
park using the DISTANCE program, following Parmenter et al. (2003), which
were then compared pairwise with Welch's Two Sample f-test. Species
diversity of parks was calculated using Simpson's Index of Diversity (D s ;
Simpson, 1949), which takes into account both richness (number of species),
and evenness (number of individuals within a species). The Ds value equals 1/, where / is a measure of the dominance of a community (the probability that
two individuals taken at random from a community would be from the same
species). Thus, 0 represents no diversity (only one species and therefore high
dominance) and 1 represents theoretical maximal diversity (Brower et al.,
1990). In order to standardize P.maniculatus captures due to unequal
sampling effort among seasons and years, the data are presented as capture
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rate (number of P.maniculatus captures/total number of traps used during a
given time period). Infected deer mice were counted only once at the time of
first capture. Infection prevalence was calculated as number of infected P.
maniculatus captures divided by total number of P. maniculatus captures for a
given time period. Resulting average proportions were compared with a test
for heterogeneity of proportions (Zar 1999). When only two proportions were
compared, Yates' continuity correction was applied (Brower 2002). Fisher's
Exact Test for Count Data was used when one or more expected frequencies
in a contingency table were less than 5 (Crawley, 2002). Species diversity
between parks was compared pairwise with a Student's f-test, based on the
differences of Simpson's Index of Diversity divided by the square root of their
variances (Brower et al., 1998). To limit the possibility of type 2 errors due to
multiple comparisons, a Bonferroni correction was made (0.05/10
comparisons), setting significance at 0.005 (Dalgaard, 2002). Species diversity
and park size were compared using a linear regression, after transformation of
park size (Log-io+1) to better approximate the normality assumption of the
model.
To assess the relationship of infection prevalence to deer mouse
density and Ds, I used logistic regression with binomial errors. Logistic
regression is a generalized linear model (GLM) wherein data with nonconstant variance, non-normal error distributions, and a response variable
strictly bounded by 0 and 1 (as in proportions), can be analyzed (Crawley,
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2000). Logistic regression uses a logit link function (logit p =log[p /1-p]), which
transforms each observed value and relates it to a linear predictor. Values of
the linear predictor parameters are then estimated iteratively using maximum
likelihood (Dalgaard, 2002). I used six different logistic models: three of the
models used variables averaged per year (5 parks X 1 measurement per year
= 15 points), and the other three models used variables averaged for the
entire three years of the study (5 parks X 1 measurement for the entire study =
5 points). Within the 15 and 5-point models, the data were further separated
into multivariate models including P. maniculatus density, Ds, and the
interaction of the two, and univariate models analyzing P. maniculatus density
and D s separately. A non-linear regression was also used to determine the
relationship between species diversity and infection prevalence.
After screening for correlations, I dropped small shrubs and large
shrubs from the analysis because both were highly correlated to total shrubs
(r=0.83 and r=0.87 respectively). The remaining data were transformed to
better approach normality (Table 3.1). Parks were compared floristically with a
pairwise analysis of similarity (ANOSIM). An ANOSIM returns a statistic (R)
based on a Bray-Curtis dissimilarity measure, which considers the difference
of the mean ranks between and within groups, with 0 being the most similar
and 1 being the most dissimilar (Clarke and Warwick, 2001). Significance was
assessed by 1000 permutations of a randomization test (Clarke and Warwick,
2001). Again, because of the multiple comparisons, a Bonferroni correction
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was made (0.05/10 comparisons) and significance was set at 0.005 Stepwise
logistic regression with binomial distribution was used to assess how P.
maniculatus capture rate and infection prevalence were influenced by
vegetative characteristics. Statistical analyses were undertaken using R, a
publicly distributed statistical software package available on the web (R
Development Core Team 2006). Unless otherwise noted, all significance
levels were set at 0.05, and 0.025 for two-tailed tests.

RESULTS

Over the three years of the study, 5061 individual mammals of 21
species were captured (Table 3.2). Deer mice comprised 62% of all captures,
due primarily to the high capture rates of deer mice at 4 of the 5 sites. At
Oxbow (OX), however, Peromyscus comprised less than 40% of the captures
(Table 3.2). Forest Park (FP) had the highest infection prevalence, averaging
12.7% of captured deer mice, and 9.8% of total captures, but ranged up to
30% during summer 2005. All seropositive animals were Peromyscus
maniculatus, with the exception of one Microtus oregoni (Creeping vole) at FP
in May 2004. Overall density of P. maniculatus varied among parks, with Tryon
Creek (TC) exhibiting the highest densities (Table 3.2). Species diversity also
varied, though differently than densities: the parks with the highest and lowest
diversities (FP and OX) had virtually the same P. maniculatus densities,
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whereas the park with the lowest P. maniculatus density (Powell Butte) was
intermediate in diversity (Table 3.2).
P. maniculatus densities varied over the three years of the study, with
all parks exhibiting the highest densities during Year 2 (Table 3.3). Variances
within years were extremely high due to seasonal differences in capture rates,
such that no density differed statistically from any other, either within or
between parks. Infection prevalence also varied temporally, although it
remained consistently low at four of the five sites. In Year 1, infection
prevalence at FP was statistically significantly higher than TC and PB (Fisher's
Exact Test: p<0.001, df=1 for both) but not statistically significantly higher than
TR and OX (Fisher's Exact Test: p=0.20 and 0.32 respectively, df=1 for both).
Only FP, however, had an infection prevalence that significantly increased
between Year 1 and 2 (x2=126.92, p=0.005, df=1) which in turn gave FP a
statistically significantly higher infection prevalence than at any of the other
parks during Year 2 (Fisher's Exact Test: <0.001, df=1 for all parks). FP
maintained its high infection prevalence during Year 3 and, although the rate
at TC increased significantly between Year 2 and 3 (Fisher's Exact Test:
p=0.035, df=1), FP still maintained statistically significantly higher infection
prevalence than any other park in Year 3 as well (Fisher's Exact Test: p<0.01,
df=1 for all parks).
Species diversity at all five parks differed statistically significantly from
one another, except for the comparison of PB and TR (Table 3.4). Oxbow, the
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most diverse site, differed the most from all other parks (p<0.001 for all
pairwise comparisons). The linear regression between Simpson's Diversity
and park size (logio+1 transformed) revealed no relationship between the 2
variables (F=0.225, p=0.667, df=1 and 3; Fig. 3.1).
Results of the univariate logistic regression indicated that infection
prevalence was statistically significantly related to site species diversity
(P=<0.001 for both the 5 and 15-pont models: Table 3.5), while the
relationship between infection prevalence and P. maniculatus density
approached statistical significance (P=0.055 in the 5-point model and P=0.065
in the 15-point model; Table 3.5). Additionally, the multivariate models
revealed statistical significance when considering the relationship of infection
prevalence to site species diversity and P. maniculatus density together
(P<0.001 for both the 5 and 15-point models: Table 3.5). However, all of the
logistic regression models revealed considerable overdispersion, which is
measured by the ratio of the residual deviance to the residual degrees of
freedom; if the errors are indeed binomially distributed, the ratio should be
close to 1. This, along with a U-shaped curve in the residuals vs. fitted values
plot (not shown), suggests misspecification of the models (the relationships
are not linear and the significance of the model term(s) greatly overestimated;
Crawley, 2002). Accordingly, a non-linear regression was carried out. The
relationship between infection prevalence and site species diversity
established that, in both the 5-point and 15 point models, infection prevalence
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increased modestly as species diversity decreased, up to an inflection point
where the prevalence of infection then increased exponentially (Fig. 3.2: only
the 15-point model is shown). The relationship was statistically significant (P=
0.000001 and 0.00007, r2 = 0.99 and 0.60, respectively) and the residual
standard error was small (1.55 and 0.04 on 3 and 13 degrees of freedom,
respectively). No non-linear relationship existed between infection prevalence
and P. maniculatus density.
Pairwise comparisons of floristic factors among sites established that all
parks differed from one another (Table 3.6: PO.001 for all pairwise
comparisons). Tualatin River is the most distinct from other parks, Oxbow was
the next most dissimilar site, and Forest Park and Tryon Creek showed the
most similarity to each other.
I used stepwise logistic regression analysis with binomial errors to test
for associations between infection prevalence and vegetative factors. Due to
the vast difference in infection prevalence at Forest Park relative to the other
four sites and the possibility that this might obscure any associations at the
other sites, I analyzed Forest Park separately. However, no statistically
significant relationship was found for either Forest Park alone or the other four
parks combined, leaving only the null model. Similarly, no relationship was
found between the numbers of P. maniculatus captured and any vegetative
factor, either for Forest Park or the other four parks combined.
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DISCUSSION

Peromyscus maniculatus made up the majority of total captures (63%),
as well the majority of captures at four of the five parks (Table 3.2). Sin
Nombre virus was found in all parks in all years except at Powell Butte in the
first year of the study (Table 3.3). Abramson et al., (2003) model of SNV-P.
maniculatus population dynamics in New Mexico predicted a critical population
size below which infection would disappear. However, the density of deer mice
during the absence of SNV from the Powell Butte population was only the fifth
lowest density recorded over three years in the five parks, and SNV was found
during all the other times of lower density (Table 3.3). More likely, SNV does
not disappear from a population, but instead infection prevalence becomes so
low as to be virtually undetectable by standard trapping techniques.
P. maniculatus was the dominant species in all parks, and moreover,
they accounted for the majority of captures at all parks except Oxbow. Their
densities also increased in Year 2 at all parks as did capture rates (except for
Tualatin River), but only at Forest Park was there a statistically significant
increase in infection prevalence from Year 1 to Year 2. Infection prevalence
was not only higher at Forest Park, it nearly tripled and the number of infected
P. maniculatus captures went from 7 to 65 from the first to the second year.
The mass action principle in epidemiology states that a disease will spread
more efficiently as the density of the susceptible host increases (Hamer,
1906). Several studies of deer mice and SNV prevalence support the mass
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action principle (Biggs et al., 2000; Yates et al., 2002; Calisher et al., 2007),
but in this study, no relationship existed between SNV prevalence and host
density. While the univariate logistic regression analyses approached
significance, the large amount of overdispersion (residual deviance/residual df
should equal 1 or less), and the poor performance of the residuals (not
shown), suggested that the relationships were not linear, but since no nonlinear relationship existed, the results herein confirm that no univariate
relationship existed between infection prevalence and P. maniculatus density.
Indeed, overall densities were virtually the same for the parks with the highest
and second lowest infection prevalence (Forest Park and Oxbow), and during
Year 2, three of the four other parks had higher deer mouse densities than
Forest Park, yet they showed no increase in infection prevalence. The
multivariate logistic regression models showed infection prevalence was
statistically significantly related to P. maniculatus density when site species
diversity and their interaction were also included in the models, but again, the
considerable overdispersion coupled with the poor performance of the
residuals (not shown), suggests the models were misspecified and the
relationships are not linear. However, density did increase before infection
prevalence increased (Table 3.3), suggesting density may play a necessary
role in disease transmission, though as a co-factor and not of consequence by
itself.

91

Given the hypothesized direct transmission of SNV through aggressive
encounters, the most efficient community for the spread of SNV would be a
community made up solely of deer mice, in which every encounter would be a
potential disease-transmitting encounter. As more species, and more
individuals within those species, are added to the community, the number of
disease transmitting encounters decreases, since species other than deer
mice are non-host (non-amplifying) species. This type of limited intraspecific
interaction has been termed encounter reduction (Keesing et al., 2006).
Encounter reduction could also occur if increased species diversity adds to the
number of potential competitors in an ecosystem, thereby increasing the
amount of time a host species has to spend securing limited resources (food,
nest sites, etc.). More time at these activities means less time spent on
intraspecific competition, thereby decreasing aggressive encounters and the
transmission of SNV. Models of competitive pressure within a general
Hantavirus system (Peixoto and Abramson, 2006) predict that the ecological
effect of interspecific competition reduces the prevalence of infection in the
host species. The research herein lends important empirical support to the
model.
Increasing species diversity also likely results in an increase in predator
pressure on host species, particularly rodents. It seems intuitively reasonable
to hypothesize that predators keep rodent numbers under control, which in
turn limits pathogen spread both among rodents and into human populations,
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although it has been difficult to empirically support this hypothesis (Ostfeld and
Holt, 2004). The data presented herein suggests that predators control
infection prevalence not by controlling the density of host species, but instead
by some other mechanism. With predators in the ecosystem, host species
need to spend more time avoiding predation. Avoidance behaviors may
consist of more time in the nest, in hiding, or in the familiarity of their own
territory, all of which likewise decrease intraspecific encounter rates. Once the
controls of predation and competition are decreased or absent, many
ubiquitous, generalist rodents, including P. maniculatus, will dominate the
community, encounter other deer mice more frequently, spend more time
defending territories against conspecifics and likely spread SNV more
efficiently. While SNV prevalence increased overall as species diversity
decreased, the non-linear relationship (Fig. 3.2) suggested a sharp inflection
point at a Simpson's Diversity between 0.40 and 0.45, where a "zoonotic
release" of predatory and competitive controls may have occurred and SNV
rates within the reservoir species sharply increased. Species diversity above
that level may control SNV transmission rates among the host species, as
shown throughout this study at four of the five parks. The type of dilution effect
discussed herein is distinct from that in vector-borne zoonoses and hence the
preferred term "zoonotic release."
To detect the dilution effect in any disease system and estimate its
strength, one must be able to estimate species diversity accurately. Species
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diversity, in and of itself, is often a necessary piece of information used to
make management and conservation decisions, but obtaining accurate
estimates of species diversity is time-consuming, labor-intensive and,
therefore, costly. A surrogate measure for species diversity would be a very
useful tool. The data herein show no relationship between size of a park in
which a trapping web was placed and species diversity. However, the Forest
Park trapping web was placed at the periphery of the park and was transected
by several well-used hiking and biking trails. The park interior may show
higher diversity. The Tualatin River and Oxbow sites are both located along
rivers, which potentially provide a riparian corridor along which species can
disperse. The Oxbow site is also located near the large extended forests of the
Mt. Hood National Forest, which could act as a source of wildlife. Humans
have access to all the parks except Tualatin River, but only Forest Park and
Oxbow have trails that crossed the trapping web. The trails were used much
more often at Forest Park than at Oxbow while we were present, and there
were many off-leash dogs at Forest Park, which likewise could negatively
affect the wildlife diversity.
Park size may play some role in species diversity, as small areas often
lack larger species. However, landscape features have been linked to diversity
of birds and mammals (Andren, 1994; Kerr and Packer, 1997; Nupp and
Swihart, 2000) and components of the landscape likely also play a strong role
in influencing species diversity, especially in urban landscapes. All five parks
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in this study differed statistically significantly from each other floristically and
faunistically, indicating vegetative factors might provide a substitute measure
for species diversity. Deer mice were caught at 346 of the 365 stations (95%)
where vegetation was measured, and of the 19 stations where they were not
caught, 17 were from the center portion of each web, where there is a plethora
of traps and much overlap of vegetative measurements. It is therefore not
surprising that P. maniculatus, and perhaps more importantly infected P.
maniculatus, were not associated with any floristic features.
The ability to predict or prevent the emergence of zoonotic diseases
would be an extremely valuable tool for saving millions of people from illness
and/or death, and billions of dollars in lost work, health care, and outbreak
investigations (Daszak et al., 2000). The finding that infection prevalence was
negatively related to mammalian species diversity has clear and obvious
implications for human health, but also, most importantly, for conservation of
wildlife and diverse ecosystems. This is not a human disease risk study, but
public health will likely benefit from the results. This was a study primarily
designed to strengthen conservation efforts aimed at protecting biological
diversity. Still, by linking human and ecosystem health, my hope is that this
research can help improve both.
From a human health perspective, the human cost of emerging
zoonotic diseases and death is incalculable. The financial cost, to say nothing
of the human cost, of an outbreak investigation is enormous, yet such
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investigations are often unsuccessful in identifying the source of the pathogen,
let alone answering "whf an outbreak occurred. And if the pathogen is found,
what then? Eradication of the host or vector species is probably neither
possible nor desirable, particularly when the species are as ubiquitous as the
deer mouse. While vaccinations can protect humans from disease, they often
take decades to design and are extremely expensive to make and administer,
if a vaccine can be produced at all. Other prophylaxes are difficult or
impossible when transmission is airborne, as in the hantaviruses, and
potentially everyone living in the region is at risk. Ecosystem level control may
therefore be the only viable control and means to protect the public from the
increasing threat of many zoonotic diseases.
But humans would not be the only direct beneficiaries from the
conservation of species diversity resulting from linking species diversity with
human health. Wildlife is likewise at increasing risk of infection with novel
pathogens. The factors underlying wildlife disease emergence are markedly
similar to those in humans (Daszak et al., 2000), such that a dilution effect, by
protecting both species diversity and ecosystem health, could potentially
protect wildlife as well. For example, a study on West Nile Virus, a vectorborne pathogen that has harmed and killed tens of thousands of birds in the
U.S. alone (LaDeau et al., 2007), suggests increased bird species richness
depresses the amount of WNV in six study sites in distinct ecosystems in
Louisiana (Ezenwa et al., 2006). Although there is no consensus as to whether
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P. maniculatus is detrimentally affected when infected with SNV Douglass et
al., 2001, Netski et al., 1999), wildlife may be protected in two ways: first, from
dilution of diseases that are potentially harmful to them and secondly, from
maintenance of healthy ecosystems.
From an ecosystem health point of view, many benefits derived from
maintaining healthy, diverse ecosystems are difficult for the layperson to
decode and seem far removed from daily life. Furthermore, even though our
natural areas continue to be threatened and destroyed by development,
logging, and pollution, a direct, tangible, far-reaching human benefit derived
from maintaining natural areas has, by and large, been lacking. Linking human
health to species diversity is a valuable tool in gaining the public's support of
conserving biodiverse ecosystems. Protection from potentially fatal diseases is
precisely such a tangible result: easily understood and translated to the
general public and with direct benefits to all. Through conservation, the health
of all species can be protected.
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Table 3.1. Description of vegetative factors measured within each plot and
their transformations. Two factors were omitted from the study due to high
correlations with other factors.
Habitat Factors
Tree cover

Description
% of plot covered with
trees
Shrub cover
% of plot covered with
shrubs
Bryophyte
% of plot covered with
bryophytes
Bare ground
% of plot that is bare
ground
Bare ground and litter
% of plot that is bare
ground and bare
ground covered with
litter
Ground cover
% of ground of plot that
has any cover,
including plants, logs,
litter
Plant ground cover
% of plot that has only
plant ground cover
Coarse woody debris
% of plot that is logs,
stumps, snags
Trees
Number of all trees
Large trees
Number of trees over
25 cm circumference
Maximum tree height
Tallest tree in plot
Total shrubs
Number of all shrubs
Small shrubs
Number of shrubs less
than 99 cm tall
Large shrubs
Number of shrubs
more than 100 cm tall
Plant species
Number of plant
species
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Transformation
Log 10 +1
Square root
Square root
Log 10 +1
Square root

None

None
Log 10 +1
Log 10 +1
Log 10 +1
None
Log 10 +1
omitted
omitted
None

Table 3.2: Capture data for a three-year sampling period of five parks in
Portland, OR.
SPECIES

SITES:

FP

TC

PB

TR

OX

Didelphis virginianus

0

0

7

20

2

Glaucomys sabrinus

Q

2

16

2

29

Mephitis mephitis

2

0

0

11

0

10
13
\
4
2
2
0
0
0
5
798
884
1 0
1 1 0

75
4
0
0
2
492
0
0

4
n
7
0
9
546

0
11

0.0
1
0

0
3
0

111
44
0
0
50
10
0

227
51
0
0
39
0
0

59
66
0
2
9
1
0

156
34
0

Total Captures
PM/Total Captures
Number of Infected
% Infected PM

1031
0.774
101

1248
0.708
16
1.81

734
0.670
9
1.83

862
0.633
8
1.47

1186
0.398

Number of species
Diversity (Simpson's)
PM Density (per hectare)
Park Size (hectares)

12
11
0.385 0.461
13.15 23.08
2087
261

11
0.532
10.13
608

16
0.560
12.18
20

16
0.753
13.11
486

Microtis townsendii
Microtus oregoni
Mustela erminea
Neotoma fuscipes
Neurotrichus gibbsii
Peromyscus maniculatus
Procyon lotor
Scapanus townsendii
Sciurus griseus
Sciurusniger
Sorex bendirii
Sorex trowbridgii
Sorex vagrans
Spilogale gracilis
Sylvalagus bachmani
Tamias douglasii
Tamias townsendii
Zapus trinotatus

0
0
1

1266

0

99

48
0
5
1
41
472
1 0
1
1
1
0
7

265
80
9
1 1
54
207
0
17
2
0

8

1.69

Table 3.3. Comparison of density, capture rate and infection prevalence
between five parks over three years, indicates a statistically significant
difference between years at a single site at 0.05 for a test of homogeneity of
proportions, with a Yate's continuity correction for two proportions between
years. +lndicates a statistically significant difference between parks at 0.05
with Fishers Exact Test for Count Data between parks.
Site:

FP

TC

PB

TR

OX

1

6.78

13.77

8.57

15.92

7.74

maniculatus

2

22.38

32.86

13.62

23.34

23.43

Density

3

8.76

24.71

8.11

7.30

7.80

p.
maniculatus
Capture
Rate

1

0.018

0.029

0.016

0.024

0.012

2

0.050*

0.039*

0.025*

0.023

0.026*

3

0.025*

0.037

0.017*

0.017

0.017*

1

0.049

0.004+

0.000+

0.023

0.021

2

0.141*

0.011+

0.013+ 0.013+

0.012+

3

0.148 0.037*+

0.044+ 0.038+

0.023+

Year

Infection
Prevalence
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Table 3.4. Statistical comparison of Simpson's Diversity Indices (D s )
measured at five sites using a Student's t-test. All pairwise comparisons were
statistically significant except for Powell Butte and Tualatin River.

Tryon
Creek
Powell
Butte
Tualatin
River
Oxbow

Forest
Park
t-value
P
3.24
O.001
5.89
<0.001
6.88
O.001
18.40
<0.001

Tryon
Creek
t-value
P

Powell
Butte
t-value
P

Tualatin
River
t-value
P

2.46
0.007
4.20
O.001
16.93
O.001

1.27
0.100
10.32
<0.001

10.04
<0.001
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Table 3.5. Results of logistic regression with binomial errors showing the
relationship of infection prevalence to P. maniculatus density and site species
diversity (Ds). Density was averaged for each year (15 point model) or over all
three years (5 point model) and similarly Ds was calculated for each year (15
point model) or for the entire three years (5 point model). Although all models
are, or come close to being, statistically significant, they all exhibit
considerable overdispersion, suggesting misspecification of the models.
Multivariate
model
5 point

15 point

Diversity
Density
Diversity: Density
Diversity
Density
Diversity: Density

Coeeficient
Estimate
-122.13
-4.23
8.78
-7.18
-0.05

P

Residual
Deviance

Residual
df

<0.001
<0.001
<0.001
<0.001
O.001
O.001

7.06

1

55.34

12

<0.001
0.055
<0.001
0.065

45.95
111.34
100.09
155.78

3
3
13
13

Univariate
models

5 point
15 point

Diversity
Density
Diversity
Density

-10.56
-0.05
-6.11
-0.017
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Table 3.6. A pairwise analysis of vegetative similarity between the five sites
used in this study. R is the test statistic with a value of 1 being the most
dissimilar. Statistical significance is based on a randomization test and is given
parenthetically. All parks are statistically different from one another, and
Tualatin River (in bold) is the most different from all other sites.

OX
PB
TR
TC

FP
R=0.164
(O.001)
R=0.113
(<0.001)
R=0.256
(<0.001)
R=0.088
(<0.001)

OX
R=0.197
(O.001)
R=0.445
(O.OOl)
R=0.092
(O.OOl)

PB
R=0.263
(O.OOl)
RO.092
(O.OOl)
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TR
R=0.349
(O.OOl)

Table 3.7. Annual Simpson's biodiversity (Ds) and infection prevalence in the
P. maniculatus populations at the five parks studied in Portland, OR.
Site:

FP

TC

PB

TR

OX

0.598

0.562

0.530

0.587

0.777

Year
Simpson's
Biodiversity

2

0.289

0.351

0.512

0.438

0.703

<W

3

0.330

0.481

0.530

0.633

0.734

1
.

0.049

0.004

0.000

0.023

0.021

0.141

0.011

0.013

0.013

0.012

3

0.148

0.037

0.044

0.038

0.023

Infection
Prevalence

104

Figure 3.1. Linear regression between site species diversity (Simpson's
Diversity) and the log transformed size of five parks. The relationship is not
statistically significant (F= 0.225 On 1 and 3 df, P^O.667).
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Figure 3.2. The relationship between infection prevalence and site species
diversity (Ds ) using non-linear regression. The 15 points represent the yearly
infection prevalence and Dsof the five parks. The relationship is statistically
significant (P=0.0007, R2=0.60).
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ZOONOTIC DISEASE EMERGENCE: A STUDY OF HOST-PATHOGENECOSYSTEM DYNAMICS
Conclusions

In order to accurately assess species diversity, attention must be paid
to the type of traps used. The research presented in Chapter 1 found that
pitfalls captured the most species and yielded the highest species diversity
measures, particularly of insectivores. However, pitfalls only contained small
animals or animals of limited mobility, such that a combination of pitfalls and
Sherman® live traps captured the most species overall. The results of the
mortality study reveal that a plastic rain shield did not improve mortality rate of
captures in either Sherman® or mesh traps, but that trap type did: mortality
was statistically significantly higher in mesh traps than in Sherman®.
A total of 3175 deer mice were captured during the study and analyzed
for Chapter 2. More males than females were captured, and the small
proportion of large adults among all captures suggest that most deer mice do
not live beyond one year in the wild. P. maniculatus population sizes in
Oregon varied seasonally and annually. The highest capture rates were in the
summer and fall, with lows in the winters. Year 2 exhibited the highest deer
mouse captures due to a large number of overwintering adults and a large
increase in winter pregnancies, which is consistent with the hypothesis of Year
2 being a year of high seed productivity. Infection prevalence appeared to be
caused by male breeding behaviors, as more males, more adults, and more
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scrotal males were infected than would be expected by chance alone.
Wounding rates between infected and uninfected deer mice were not
statistically different in any age class or in males, but infected females had a
statistically significant higher frequency of wounding than uninfected females.
These results add important information about P. maniculatus-SNV dynamics
from a climate zone that has not yet been studied, and will help our
understanding of when zoonotic diseases are likely to be transmitted from host
to human.
The analysis for Chapter 3 included 5061 captures from 21 species.
SNV antibodies were present at least at low levels at all parks, with the
exception of Powell Butte during Year 1. P. maniculatus densities varied
between the five parks and over the three years of the study, and while all
parks had the highest densities during Year 2, only Forest Park (FP) had a
statistically significant increase in infection prevalence during that year. The
logistic regressions between P. maniculatus density and infection prevalence
showed such overdispersion that I considered it to be an inappropriate
analysis, and since no relationship could be found using non-linear regression,
I concluded that there existed no association between P. maniculatus density
and infection prevalence. All parks differed from each other floristically, and
the species diversity analysis showed all parks except Tualatin River and
Powell Butte differed from each other faunistically as well. No vegetative factor
was statistically associated with either P. maniculatus density or infection
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prevalence. However, a non-linear regression revealed a statistically
significant negative relationship between infection prevalence and species
diversity: that is to say, as species diversity decreased, infection prevalence
increased modestly, until an inflection point when infection prevalence
increased exponentially. The point of inflection has been named a" zoonotic
release", as it appears the controls of competitors and predators of the
ecosystem have been released at a low level of species diversity, allowing
infection prevalence to increase dramatically.
The factors driving disease emergence have been elusive. Much of the
research into emerging diseases focuses on the human symptoms and their
cure. Of course this is important research, but perhaps an equally useful
approach would be to determine the wildlife source, the dynamics of the hostpathogen relationship and the environmental factors associated with
outbreaks, in order to proactively protect the public from deadly zoonotic
diseases. This research suggests that a loss of species diversity may be an
important factor in disease emergence, which has consequences for both
public health and conservation. Ecosystem level control is likely the only type
of viable control for many zoonotic diseases that are transmitted through the
air, through a vector, or by a ubiquitous species like a rodent, not to mention
the control it might give for any undiscovered pathogens. But species diversity
also offers protection to wildlife through conservation of healthy, biodiverse
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ecosystems. The health of all species is inextricably linked, and by protecting
one, we can protect all.
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